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Lignin occurs in cell walls 6f true vascular plants, ferns, 
and club mosses but dose not in those of mosses, algae, and 
microorganisms (Kawamura & Higuchi, 1964; Higuchi, 1985a). Lignin 
is covalently bonded to hemicelluloses, and distributed in the 
spaces of cellulose microfibrils. Lignin is the most abundant 
renewable resource next to cellulose, and its content in woody 
plants ranges from 15-36%. A considerable part of the photosyn-
thesis in plant is contributed to the conversion of atmospheric 
carbon dioxide to lignin. Lignin constitutes to about 40% of the 
solar energy store in plant (Janshekar & Fiechter, 1983). Hence 
lignin metabolism plays an important role in the carbon cycle on 
earth. 
Chemical and spectrometric studies of lignin have been 
performed by many s.cientists, and the outline of lignin struc-
.,1. 
ture was shown in the late of 1960s (Adler, 1977; Sakakibara, 
1983). Lignin is an amorphous, water-insoluble, three-dimensional 
aromatic polymer formed by the dehydrogenative polymerization of 
p-hydroxycinnamyl alcohols, p-coumaryl, coniferyl, and sinapyl. 
alcohols, by peroxidase as shown in Fig. 1. Lignin contains of 
various stable carbon-to-carbon and ether linkages between 
monomeric phenylpropane units, such as arylglycerol-6-aryl ether 
[a-0-4' substructure, (intermonomer linkages 1-2, 2-3, 4-5, 6-7, 
7-8, and 13-14 in Fig. 1.)], phenylcoumarane [a-5' substrucutre, 
(3-4)], diarylpropane [a-I' substructure, (8-9)], biphenyl [5-
5'substructure, (5-6 and 11-12)], resinol [a-/3' substructure, 
(10-11)] etc. Most of the substructures are not easily hydrolyz-
able. Thus, lignin is resistant to the degradation by most micro-
organisms. 
Lignin biodegradation has received a great attention during 
the past 10 years (Crawford & Crawford 1984; Chen & Chang, 1985; 
Harvey et a1., 1985; Higuchi, 1985b; Kirk & Shimada, 1985; 
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Fig. 1. Dehydrogenative polymerization of p-hydroxycinnamyl alcohols and 
the structure of lignin (Adler, 1977). 
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Buswell & Odier, 1987; Umezawa, 1:188). Elucidation of the lignin 
biodegradation mechanisms is essential not only for understanding 
the earth's carbon cycle, but also for establishing new technolo-
gies on pulping, bleaching, converting lignins to useful chemi-
cals etc., and for protecting the environment from lignin related 
pollutions. From the structural features of lignin, biodegrada-
tive systems must be extracellular, non-specific, and non-hydro-
lytic, and are different from those for other natural polymers 
such as polysaccharides, proteins, and nucleic acids. 
Lignin is more or less degraded by fungi, which classif:ied 
as whj te-rot (Basidiomycetes and a few Ascomycetes), brown-rot 
(Basidiomycetes), and soft7rot (Ascomycetes and Fungi Imperfecti) 
fungi, based on the typ~: of decay. Among these, whi te-rot fungi 
are the most powerfu~ 1 ignin-degrader, and have been used fre'-
quently for lignin bfodegradation research [e. g. Phanel'ochaete 
chr'ysosporium (=Sporotrichum pulverulentum) , Coriolus (=Pol'y-
porus, Trametes, Pol'ystictllS) versicolor, Phlebilt radiata, 
Lentinula (=Lentinus) edodes (shiitake)]. Some of bacteria (e.g. 
Streptom'yces, Pseudomonas) degrade lignin partly. 
Two complementary approaches have been applied to lignin 
biodegradation researches: (i) characterization of polymeric 
degraded lignin and identification of low molecular weight 
products from fungus-decayed wood (Chen & Chang, 1985), and (ii) 
degradation of synthesized oligolignols (lignin substrucutre 
model compounds) by fungus and identification of the degradation 
products (Higuchi, 1985b). From the former approach general 
degradation manners and some biochemical features for lignin 
degradation as follows have been deduced: (i) Co-CIl cleavage of 
side chains, (ii) cleavage of a-aryl ether bond, and (iii) 
aromatic ring cleavage (Chen & Chang, 1985). However, the specif-
ic reactions on the degradation pathways could not be elucidated 
sufficiently for the complex structure of lignin. In this point, 
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the latter approach with the substrucutre model compounds is 
useful, and makes possible the detailed studies of specific 
reactions of lignin biodegradation. Indeed, by the use of model 
compounds lignin peroxidase (ligninase) was first detected from 
the culture of P. chrysosporium (Tien & Kirk, 1983; Glenn et al., 
1983) . 
In the 1960s, p-diphenol oxidase, laccase (p-diphenol:oxygen 
oxidoreductase, EC 1.10.3.2), received a considerable attention 
as a lignin-degrading enzyme (Harkin, 1967). Because laccase is 
commonly excreted by lignin-degra'ding fungi, induced by phenols, 
and causes Bavendamm's reaction, by which wood-rotting fungi have 
been roughly classified into lignin decomposing and nondecompos-
ing types (Higuchi, 1971). 
Kirk et al. (1968a, b) reported the alkyl-aryl cleavage and 
Co oxidation of phenolic /3-0-4, lignin substructure model com-
pounds by the laccase and the CllI ture of C. versicolor. However, 
both laccase and the culture d,id not catalyze the oxidation of 
the nonphenolic /3-0-4 model compounds, which represent the struc-
ture having etherified phenolic units. Later, they found that the 
culture conditions used in the above investigation did not suit-
able for the expression of a ligninolytic system. They developed 
a new biodegradation assay of lignin based on the decomposition 
of synthetic 14C-labeled lignlns to 14 C02 (Kirk et al., 1975) and 
defined culture parameters for the ligninolytic system of P. 
chrysosporium, that is, nitrogen-limiting, high 02 partial pres-
sure and stational cultures (Kirk et al., 1978). It was subse-
quently reported that C. versicolor exhibits ligninolytic activi-
ty under these culture conditions (Reid & Seifert, 1981; Leatham 
& Kirk, 1983; Evans & Palmer, 1983). These ligninolytic culture 
conditions were adopted for the degradation of lignin substruc-
ture model compounds by P. chrysosporium (see Higuchi, 1985b; 
1986) and brought the discovery of the ligninolytic enzyme, 
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lignin peroxidase (Tien & Kirk, 1983; Glenn et al., 1983). On the 
other hand, Kamaya and Higuchi found that a nonphenolic a-I 
lignin substrucutre model compound (Kamaya & Higuchi, 1984a) and 
3,4-dimethoxycinnamyl alcohol (Kamaya & Higuchi, 1984b) are 
degraded by the ligninolytic culture of C. versicolor. 
The present author, first of all, investigated the degrada-
tion of a nonphenolic a-Q-4 lignin substructure model compound, 
1-(4-ethoxy-3-methoxyphenyl)-2-(4-formyl-2,6-dimethoxyphenoxy)-
1,3-propanediol (1), by the ligninolytic culture of C. versicolor 
(Section 1.1). Chemical structures of substrates, degradation 
products, etc. are shown in Fig. 2. 
Because a-Q-4 substvucture is the major interphenylpropane 
unit in lignin, e1ucidil-tion of the degradation pathways for this 
substructure is very, important. The substrate (1) was degraded 
7 ' 
rapidly by the lignfnolytic culture of C. versicolor and gave 
many degradation products, (2), (3), (8), (9), (24)-(28), (43)-
(45), and (52). The chemical structures of the products suggested 
the involvement of the following reactions in the degradation: 
(i) oxidation and reduction of benzylic position, (ii) a.,-ether 
cleavage, (iii) Ca-CIl cleavage of side chain, (iv) aromatic ring 
cleavage, and (v) the formation of p-benzoquinone monoketals (8) 
and (9). The cleavage of a-etherated aromatic rings weFe proved 
by use of 13 C-labeled compounds (Section 1. 2). p-Benzoquinone 
monoketal (8) was found for the first time as a degradation 
product of a-Q-4 lignin model compounds by lignin peroxidase of 
P. chrysosporium, and the formation mechanisms of (8) was dis-
cussed based on the incorporation experiment of 18 02 (Section 
1.3). The degradation pathways of nonphenolic a-Q-4 lignin sub-
structure model compounds by the culture of C. versicolor were 
simi lar to those proposed for P. chrysosporium and its lignin 
peroxidase (see Umezawa, 1988). The results suggested that C. 
versicolor also produces the lignin peroxidase. Recently, lignin 
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peroxidase was purified from the culture fi ltrate of C. versi-
co.lor (Dodson et al., 1987), but the degradation of 13-0-4 sub-
structure by this enzyme has not been reported. 
In Chapter 2, the degradation of nonphenolic 13-0-4 lignin 
substructure model compounds by lignin peroxidase of C. versi-
color is discussed. Most of the degradation reactions, except 
reduction of benzaldehyde to benzyl alcohol, by the culture of C. 
versicolor (Kawai et al., 1985a,b; 1987) were found to be caused 
hy lignin peroxidase. 
In Chapter 3, the degradaU'on of phenolic lignin model 
compounds by laccase of C. versicolor is discussed. As mentioned 
above, lacease is commonly excreted by lignin-degrading fungi. 
Ander and Eriksson (1976) reported that a phenol oxidase less-
mutant of S. pulverulentum (=P. chrysosporium) could not degrade 
lignin, but the addition of purified fungal laccase to this 
mutant restored the ability for lignin degradation suggesting 
that laccase is involved in th~ lignin-degrading system. On the 
other hand, earlier papers repo~ted that polymerization is major 
reaction of laccase for lignin preparations (see Kirk & Shimada, 
1985). Pol ymerizat ion of lignin by lignin peroxidase was also 
reported recently (Haemerli et a1., 1986). This is understandable 
because the ini tial steps of the degradation reaction catalyzed 
by both enzymes are one-electron oxidations of phenolic moieties 
In lignin to the corresponding phenoxy radicals which are poly-
merizes by coupling. 
In relation to the lignin degradation, a few papers on the 
oxidation of phenolic 13-0-4 model compounds by laccase (Kirk et 
a1., 1968a, b; Wari ishi et a1., 1987) but nothing on 13-1 model 
compounds have been reported. In Section 3.1 and 3.2, Co-Cn 
cleavage, alkyl-aryl cleavage, and Co oxidation of phenolic 13-1 
lignin substructure model compounds (17)-(19) by lacease are 
described. Based on the isotopic experiments with lBO-labeled 
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water and molecular oxygen, the degradation mechanisms for 
phenolic a-I lignin substructure model compounds are proposed. In 
addition, the degradation of phenolic a-0-4 lignin substructure 
model compounds (12) and (13) was examined. The model compounds 
were degraded via the similar reactions proposed for phenolic a-I 
model compounds (17)-(19) (Section 3.3). In Section 3.4, the 
first identification of aromatic ring cleavage product (62) from 
(60) by laccase is described. On the basis of the tracer experi-
ments with HZ 1B O and 180Z, the formation mechanisms of (62) are 
discussed. Finally the possibility of the degradation of non-
phenolic lignin model compounds by laccase is examined (Section 
3.5). Nonphenolic benzyl alcohols, (47) and (56), were found to 
be oxidized to correspon4ing aldehydes, (46) and (55), b~' laccase 
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CHAPTER 1 
DEGRADATION OF NONPHENOLIC a-o-4 LIGNIN SUBSTRUCTURE MODEL 
COMPOUNDS BY THE CULTURE OF CORIOLUS VERSICOLOR 
The arylglycerol-f3-aryl ether bond (/3-0-4 substructure) is 
the most frequent interphenylpropane linkage in lignin (48% and 
60% in spruce and birch lignins, respectively) (Adler, 1977). It 
is, therefore, very important to elucidate the degradation 
pathways for the /3-0-4 substructure by fun!5i in v iew of the 
chemistry and biochemistry of lignin biodegradation. 
Corioll1s vt:rsicolor is one' of the most common lignin 
degrading fungi. Consequently, it is likely that C. versicolor 
del5rades the f3-0-4 substructure of lignin. Nevertheless, earlier 
papers in 1960s (Russell et a1., 1961; Kirk et a1., 1968a,b) 
reported that phenolic {3-0-4 lignin models were degraded, but 
nonphenolic f3-0-4 models could not be degraded by this fungus. 
Later, many researchers (Reid & Seifert, 1981; Leatham & 
Kid:, 1983; Evans & Palmer, 1983) reported that C. versicolor 
exhibits ligninolytic activity under the culture conditions 
. (nitrogen-limiting, high 02 partial pressure and stational 
cultures) defined for Phanerochaete chrysosporium by Kirk et al. 
(1978). Kamaya and Higuchi (1984a,b) reported that a nonphenolic 
13-1 1 ignin substructure and 3,4-dimethoxycjnnamyl alcohol were 
degraded b~' C. versicolor under these culture conditions. 
The present chapter describes the catabolism of nonphenolic 
/3-0-4 lignin substructure model compounds by the ligninolytic 
culture of C. versicolor. 
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1.1 DEGRADATION PATHWAYS FOR A NONPHENOLIC 13-()-4 LIGNIN SUB-
STRUCTURE MODEL 
1.1.1 INTRODUCTION 
The purpose of the present section is to determine the 
chemical structures of the degradation products of a nonphenolic 
13-0-4 1 ignin substructure model, 1- (4-ethoxy-3-methoxyphenyl) -2-
(4-formyl-2,6-dimethoxyphenoxy)-1,3-propanediol [13-syringaldehyde 
ether (1)], by the ligninolytic culture of Coriolus versicolor, 
and elucidate the degradation pathways for the nonphenoJ j c jj-()--j 
lignin substructure. 
13-Syringaldehyde ~iher (1) was catabolized rapidly and 
various degradation .products were identified by spectroscopic 
.F~ , 
analysis. On the basis of the chemical structures of the 
products, the degradation pathways of the 13-0-4 lignin sub-
structure by C. versicolor were proposed (Kawai et al., 1985a,b). 
1.1.2 MATERIALS AND METHODS 
Organism and culture conditions 
Coriolus versicolor Ps4a was supplied from the culture 
collection of Forestry and Forest Products Research Institute, 
Tsukuba, Japan, and maintained at 30°C on malt agar slants. The 
mycelia have clamp connection (Fig. 1.lA), and the fruiting 
bodies are formed on Shirakanba (Betula pllltyphylla) sawdust-
rice bran (5/1, w/w) medium as shown in Fig. 1.1B. 
Experimental culture (20 mL in 300-mL Erlenmeyer flasks) was 
inoculated with a small mycerial mat from a slant and grown 
without agitation at 29-30 °c (Kamaya & Higuchi, 1984a). The 





1.1. DECRADATION 0' A S-0-4 DILICNOL BY C. VEltSlCOLOR 
Mycelia (A) and fruiting bodies (B) of C. 
versicolor Ps4a. 
(A) The mycelia have clamp connections (arrowhead). Phase 
contrast, x 250. 
(B) The mycelia grown in 3% malt shaking culture were 
inoculated on Shirakanba (Betula platyphylla) sawdust-rice 
bran (5/1, w/w) medium, and grown for 1 month in the dark 
at 25 ·C, for I month under continuous light (300 lux) at 
25 "C, for 3 days in the dark at 4 "C, and for 2 months 
under continuous light at 25 ·c, successively. 
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chrysosporium (Kirk et al., 1978). Medium contained the following 
per liter of distilled water: glucose, 10 g; L-asparagine"H20, 
0.1 g; NH4N03, 50 mg; KH2P04, 0.2 g; MgS04"7H20, 50 mg; CaC12, 10 
mg; mineral solution, 1 mL; and vitamin solution, 0.5 mL. 
Minerals (per liter of distilled water), consisted of nitrilotri-
acetate, 1.5 g; MgS04"7H20, 3.0 g; MnS04"H20, 0.5 g; NaCl, 1.0 g; 
FeS04"7H20, 0.1 g; COS04, 0.1 g; CaC12, 82 mg; ZnS04, 0.1 g; 
CuS04"5H20, 10 mg; AIK(S04)2, 10 mg; H3B03, 10 mg; NaMo04, 10 mg. 
Vitamins (per liter of distilled water), biotin, 2 mg; folic 
acid, 2 mg; thiamine "HCl, 5 mg; riboflavin, 5 mg; pyridoxine "HCl, 
10 mg; cyanocobalamine, 0.1 mg; nicotinic acid, 5 mg; DL-calcium 
pantothenate, 5 mg; p-aminobenzoic acid, 5 mg; thioctic acid, 5 
mg. The medium was buffered with polyacrylic acid (0.01 M in 
carboxyl, pH 4.5) (Nak,atsubo et al., 1981) • 
.I~' 
Degradation of substrate 
Substrate (1) (4.4 mg/20-mL culture) was added to 7-day-old 
cultures as a DMF solution (100 pL/20-mL culture) without steri-
lization. The cultures were flushed with sterile 100% 02 immedi-
ately after addition of the substrate and incubated under the 
same conditions. 
After incubation for the desired period of time, whole 
culture was acidified with 1 N HCl to pH 2 and extracted with 
ethyl acetate (20 mL, three times). The combined organic layer 
was washed with saturated NaCl soln, dried over anhyd Na2S04, and 
evaporated under reduced pressure. Then residual DMF was removed 
under high vacuum. 
Degradation of the substrate in the culture was monitored by 
examining the extracts by TLC (Kieselgel 60, F254, Merck). 
The extracts after 6-50 h of incubation and 72-80 h of 
incubation were combined, respectively, and combined extracts 
were acetylated with acetic anhydride and pyridine (1/1, v/v) in 
-15-
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ethyl acetate for 24 h at room temp. The acetylated extracts were 
parti tioned between ethyl acetate and saturated NaHC03 soln. The 
ethyl acetate layer was washed with saturated NaCI soln, dried 
over nnhyd Na2S04 and evaporated under reduced pressure (neutral 
fraction) . 
The NaHC03 layer was acidified wi th 1 N HCl to pH 2 and 
extracted three times with ethyl acetate. The combined ethyl 
acetate layer was washed with saturated NaCl soln, dried over 
anhyd NazS04, and evaporated under reduced pressure (acidic 
fraction) . 
These products were analyzed directly or after TLC separa-
tion by 1H NMR, DI-MS and GC-MS [column, 1% OV-l on Chromosorb W 
(~W-DMCS) (Shinwa Kakou), glass column, 2 m x 3 mm (i.d. )]. 
Catabo 1 i tes were identified by comparison of the spectra 
with those of authentic compounds. 
The yields of cataboli tes' were determined by gravimetric 
::malysis after TLC separation. 
Isolation and identification of veratryl alcohol (47) 
The cuI tures (28 cuI tures, total 560 mL) were inoculated 
with a small mycerial mat from the slant and incubated without 
agj tation at 30 "C. The 7-day-old cultures were flushed with 
sterile 100% 02 and incubated rinder the same conditioris for three 
days. The whole cultures were combined, acidified to pH 2 with 1 
N HCI, and extracted with 1 L of ethyl acetate. The organic layer 
was washed with saturated NaCI soln, dried over Na2S04, and 
evaporated under reduced pressure. Veratryl alcohol (47) was 
separated by TLC (solvent: CH2CI2) and identified by 1H NMR. 
Syntheses of the substrate and authentic compounds 
1-(4-Ethoxy-3-methoxyphenyl)-2-(4-formyl-2,6-dimethoxy-phen-
oxy)-1,3-propanediol [a-syringaldehyde ether (1)] was synthesized 
-16-
1.1. DEGRADATION OF A 0-0-4 DILIGNOL BY C. VERSICOLOR 
from acetovanillone (4'-hydroxy-3'-methoxyacetophenone, Tokyo 
Chemical Industry) by modification of the method of Adler and 
Eriksoo (1955): (i) CuBrz in refluxing ethyl acetate (66.8%); 
(ii) ethyl vinyl ether/dl-10-camphorsulfonic acid in CH2C12 at 0 
DC; (iii) syringaldehyde (4-hydroxy-3,5-dimethoxybenzaldehyde, 
Tokyo Chemical Industry)/KzC03 in acetone at room temp (ii-iii: 
60.8%); (iv) paraformaldehyde/K2C03 in (CH3)ZSO at room temp; (v) 
1 N Hel in acetone at room temp (iv, v: 58.8%); (v i) ethylpTIE' 
glycol/dl-camphorslIlfonic acid in refluxing temp; (vii) NaBH4 in 
methanol at 0 ·C; (viii) 1 N HCl in acetone at room temp (vi-
vii i: 56.0%); (ix) iodoethane/KzC03 in DMF at room temp ...... 50 ~C 
(61. 9%). 
1 H NMR (CDC13)( acet~te) 0 1. 45 (t, J=7. 0 Hz, 3H, -O-C-CHJ), 
1.87 (s, 3H, -OAc) , 2.02 (s, 3H, -OAel, 3.86 (s, 3H, -OCH3), 
3.88 (5, 6H, -OCH:~), 4,07 (q, J=7.0 Hz, 2H, -0-CH2-), about 
3.90 (lH, C3-H), 4.34 (dd, J=4.0, 12 Hz, 1H, C3-H), 4.69-4.84 
(m, 1H, C2-H), 6.11 (d, J=7.8 Hz, IH, C1-H), 6.76-6.97 (m, 
3H, Ph(guaiacyl)-H), 7.12 (s, 2H, Ph(syringyl)-H), 9.89 (s, 
1H, -CHO). 
MS (acetate) m/z 490 (M+). 
The diacetate of 1-(4-ethoxy-3-methoxyphenyl)-3-formyloxy-
1,2-propanediol [formate (26-Ac)] was synthesized from isoeugeno] 
(2-methoxy-4-propenylphenol, Nakarai Chemicals) via the following 
steps: (i) iodoethane/KzC03 in DMF at room temp; (ii) DDQ in 
water-saturated benzene at room temp (Nakamura & Higuchi, 1976); 
(iii) NaBH4 in methanol at 0 ·C; liv) ethyl vinyl ether/dl-l0-
camphorsulfonic add in CHzC12 at 0 ·C; (v) m-chloroperbenzoic 
acid in CH2C12 at 0 DC; (vi) sodium methylate (28% in methanol)/ 
CH2Clz (1/4, v/v) at () ·C; (vii) benzyl chloride/NaH in DMF at 
room temp; (ix) 1 N HCI in acetone at room temp; (x) methane-
sulfonyl chloride/triethylamine in THF at 0 "C ~ room temp; (xi) 
10% Pd-C under H2 in methanol at room temp; (xii) acetic anhy-
-17-
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dride/pyridine in ethanol at room temp; (xiii) sodium formate/ 
trioctylmethylammonium chloride in DMF at 60 ~ 100 ·C. 
lH NMR (CDC13) (acetate) 6 1.50 (t, J=7.0 Hz, 3H, -O-C-CH3), 
2.07 (s, 3H, -OAc) , 2.08 (s, 3H, -OAc) , 3.88 (s, 3H, -OCH3), 
4.09 (q, J=7.0 Hz, 2H, -O-CH2-), about 3.85 (lH, C3-H) , 4.34 
(dd, J=4.0, 12 Hz, 1H, C3-H), 5.36-5.50 (m, 1H, C2-H), 5.91 
(d, J=7.2 Hz, 1H, C1-H), 6.76-6.98 (m, 3H, Ph-H), 8.03 (s, 
1H, -CHO). 
1-(4-Ethoxy-3-methoxyphenyl)-1,3-propanediol [a-deoxy diol 
(28)] was synthesized from 3-(4-hydroxy-3-methoxyphenyl)-1-
propanol kindly provided by Dr. F. Nakatsubo, Faculty of Agricul-
ture, Kyoto University, v ia the following steps: (i) DDQ in 
water-saturated benzene at room temp; (ii) NaBH4 in methanol at 0 
·C; (iii) diazoethane in methanol at room temp. 
lH NMR (CDC13) (acetate) 6 1.45 (t, J=7.0 Hz, 3H, -O-C-CH3), 
2.04 (s, 3H, -OAc) , 2.06 (s, 3H, -OAc) , 2.30-2.36 (m, 2H, C2-
H2), 3.88 (s, 3H, -OCH3), 4.!05 (q, J=7.0 Hz, 2H, -O-CH2-), 
3.98-4.21 (m, 2H, C3-H), 5.79 (dd, J=7.2, 8.8 Hz,. 1H, C1-H), 
6.78-6.92 (m, 3H, Ph-H). 
Ethyl 4-ethoxy-3-methoxybenzoate (45-Et) was prepared from 
vanillic acid (4-hydroxy-3-methoxybenzoic' acid, Nakarai Chemi-
cals) by ethylation with diazoethane. 
2,3-Dimethoxybenzyl alc6hol (48) was prepared from 2-hy-
droxy-3-methoxybenzaldehyde (o-vanillin, Nakarai Chemicals) via 
the following two steps: (i) iodomethane/K2C03 in DMF at room 
temp; (ii) NaBH4 in methanol at 0 ·C. 
lH NMR (CDC13) 6 3.87 (s, 3H, -OCH3), 3.89 (s, 3H, -OCH3), 
4.70 (s, 2H, Ph-CH2-), 6.82-7.12 (m, 3H, Ph-H). 
2,4-Dimethoxybenzyl alcohol (49) was prepared from 2,4-dihy-
droxybenzaldehyde (a-resorcylaldehyde, Nakarai Chemicals) via the 
following two steps: (i) iodomethane/K2C03 in DMF at room temp; 
(ii) NaBH4 in methanol at 0 ·C. 
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IH NMR (CDC13) 0 3.80 (s, 3H,-OCH3), 3.83 (s, 3H, -OCH3), 
4.60 (s, 2H, Ph-CHz-), 6.40-6.46 (m, 2H, Ph-H3,5), 7.16 (d, 
J=9.0 Hz, 1H, Ph-H6). 
2,5-Dimethoxybenzyl alcohol (50) was prepared from 2,5-di-
methoxybenzaldehyde (Nakarai Chemicals) by reduction with NaBH4 
in methanol at 0 OCt 
IH NMR (CDC13) 0 3.77 (s, 3H, -OCH3), 3.81 (s, 3H, -OCH3), 
4.65 (s, 2H, Ph-CHz-), 6.76-6.90 (m, 3H, Ph-H). 
3,4-Dimethoxybenzyl alcohol (veratryl alcohol) (47) was 
commercially available (Tokyo Chemical Industry). 
IH NMR (CDC13) 0 3.87 (s, 3H, -OCH3), 3.88 (s, 3H, -OCH3), 
4.61 (s, 2H, Ph-CHz-), &.78-6.94 (m, 3H, Ph-H). 
Other compounds, .. 1-(4-ethoxy-3-methoxyphenyl)-1,2,3-pro-
panetriol [glycerol ,(24)] (Umezawa & Higuchi, 1984), 1-(4-eth-
... t:-
oxy-3-methoxyphenyl)-2,3-dihydroxypropanone [propanone (25)] 
(Kamaya & Higuchi, 1984b), 1-(4-ethoxy-3-methoxyphenyl)-1,2,3-
propanetriol-2,3-cyclic carbonate [cycl ic carbonate (27)] 
(Umezawa & Higuchi, 1985c), 4-ethoxy-3-methoxybenzaldehyde 
[benzaldehyde (43)] (Umezawa et al., 1983b), 4-ethoxy-3-methoxy-
benzyl alcohol [benzyl alcohol (44)] (Umezawa et al., 1983b), and 
syringyl alcohol [4-hydroxy-3,5-dimethoxybenzyl alcohol (51)] 
(Kamaya & Higuchi, 1984c), were prepared as described previously 
and acetylated before use as authentic compounds. 
Mass spectral data of (24-Ac)-(28-Ac), (43), (44-Ac), (45-
Ac) and (51-Ac) are listed in Table 1.1. 
Instruments 
NMR spectra were obtained with a Varian XL-200 FT-NMR 
spectrometer (200 MHz) using (CH3 )4Si as an internal standard. 
Chemical shifts and coupling constants are given in 0 value (ppm) 
and Hz, respectively. Mass spectra were taken with a Shimadzu-LKB 
9000 gas chromatograph-mass spectrometer (EI, 70 eV). 
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TABLE 1.1 
Relative Intensity of the Important Fragment Ions of the 

















Mass Spectral Data m/z (%) 
368 (W, ,7),308 (6), 266 (5),223 (8), 
207 (13), 206 (33), 182 (25), 181 
(100),178 (13). 
324 (W, 9), 266 (6), 180 (22), 179 
(100), 152 (10), 151 (81). 
354 (W, 7), 294 (4), 223 (6), 206 
(23), 182 (12), 181 (100). 
310 (W, 12), 250 (6), 223 (4), 206 
(5)~, 182 (15), 181 (100), 154 (12), 
150 (12). 
310 (W, 32), 250 (61), 207 (48), 191 
(49), 181 (100), 179 (67), 177 (28), 
163 (54), 151 (37), 147 (30). 
180 (W, 70), 152 (80), 151 (100), 137 
(10), 113 (16), 109 (24). 
224 (W, 45), 182 (14), 165 (23), 154 
(30), 153 (12), 151 (12), 137 (100), 
136 (20), 125 (14), 122 (16). 
224 (W, 64), 196 (33), 181 (12), 179 
(28), 168 (47), 153 (18), 152 (26), 
151 (100), 123 (20). 
268 (W, 3), 227 (14), 226 (100), 184 
(62), 183 (15), 167 (84), 123 (26). 
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Mass Spectral Data m/z (%) 
368 (W, 5), 308 (5), 266 (4), 223 (9), 
207 (11), 206 (28),182 (15), 181 
(l00) • 
.324 (W, 9), 266 (4), 180 (24), 179 
(100), 152 (10), 151 (79). 
354 (W, 7), 294 (5), 223 (5), 206 
(26),182 (ll), 181 (l00). 
e 310 (W, 13), 250 (8), 223 (5), 206 
(8), 182 (12), 181 (100), 154 (12), 
150 (17). 
310 (W, 31), 250 (50), 207 (33), 191 
(43), 181 (100), 179 (60), 177 (22), 
163 (42), 151 (38), 147 (23). 
180 (W, 66), 152 (82), 151 (l00), 137 
(13), 113 (17), 109 (34). 
224 (W, 56), 182 (20), 165 (34), 154 
(40), 153 (18), 151 (15), 137 (l00), 
136 (28), 125 (22), 122 (22). 
224 (W, 72), 196 (34),181 (12), 179 
(23), 168 (48), 153 (17), 152 (22), 
151 (100), 123 (17). 
268 (W, 3), 227 (14), 226 (100), 184 
(58), 183 (16), 167 (72), 123 (30). 
-21-
1.1. DEGRADATION OF A 6-0-4 DILIGNOL BY C. VERSICOLOR 
1. 1. 3 RESULTS 
Substrate (1) (4.4 mg/culture) was added to the eight 
cultures of Coriolus versicolor and incubated. Extraction was 
carried out after 6, 12, 24, 50, 72, 76, and 80 h of incubat ion, 
respectively. 
Degradation of B-syringaldehyde ether (1) in the culture was 
monitored by examining the extracts by TLC. Substrate (1) disap-
peared almost completely for 72 h after addition to the culture. 
The extracts after 6-50 h of incubation and 72-80 h of incuba-
U on were combined, respectively, and the combined extracts were 
acetylated. The acetylated extracts were separated to the neutral 
and acidic fractions, respectively, and analyzed. 
Analysis of catabolites (6-50 h of incubation) 
The acetylated extracts w~re submitted to TLC as shown in 
Fig. 1.2 , and five products could be separated and identified by 
IH NMR and DI-MS. 
The triacetate of 1-(4-ethoxy-3-methoxyphenyl)-2-(4-hydroxy-
methyl-2,6-dimethoxyphenoxy)-1,3-propanediol [B-syringyl alcohol 
plht:r (2-Ac)] (13.9%, mol product formed/mol initial sub,,;trate x 
100) was isolated from the neutral fraction and identified by IH 
NMR and Dl-MS. 
IH NMR (CDCLi) 0 1.45 (t, J=7.0 Hz, 3H, -O-C-CH3), 1.93 (s, 
3H, -OAc) , 2.02 ( s, 3H, -OAc) , 2. 11 (s, 3H, -OAc ), 3.80 (s, 
6H, -OCH3), 3.85 (s, 3H, -OCH3), 4.08 (q, J=7.0 Hz, 2H, -0-
CH2-), about 3.85 (IH, C3-H), 4.31 (dd, J=4.0, 12 Hz, 1H, C3-
H), 4.50-4.62 (m, 1H, C2-H), 5.02 (s, 2H, Ph-CHz-), 6.11 (d, 
,~7.3 Hz, 1H, CI-H), 6.56 (s, 2H, Ph(syringyl)-H), 6.76-6.98 
(m, 3H, Ph(guaiacyl)-H). 
MS m/z 534 (M+). 
Addi tionally, the acetate deri vati ves of propanone (25-Ac)( < 
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Acetylated extracts (6-50 h of incubation) 
I I 
Acidic fraction Neutral fraction 
I 
EtOAc/hexane 1 t methanol/CH2Cl2, _ 1/3, 3 times 1/3, 1/2, 1/1, 3 times twice 3 times ~-.r--,---,---,,---.---r---,r--', I I I I 
1 2 3 4 
1 2 345 
" II (l-Ac)( 3-Ac) 
abc d 
I (2S!AC) 
5 678 9 
(1 !tA) EtOAc/he~ane, 





~CH2Cl2/hexane , 1/1, 10 times 
I 
x y z 
" " 
(25-Ac) (26-Ac) 
Fi~. 1.2 Separation methods of the acetylated degradation 
products of substrate (1) by C. versicolor. 




Fig. 1. 3 
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8 
Ph-H 








5 4 3 2 
6 (ppm) 
IH NMR spectra of the diacetate of 1-(4-ethoxy-
3-methoxyphenyl)-3-formyloxy-1,2-propanediol 
(26-Ac). 
1 mg), formate (26-Ac) « 1 mg), and ~-deoxy diol (28-Ac) « 1 
mg) were separated by TLC and identified by 1" NMR and DI-MS. The 
1" NMR spectra of formate (26-Ac) and ~-deoxy diol (28-Ac) are 
shown in Fig. 1.3 and 1.4 , respectively. The spectra of these 
products were identical with those of the authentic compounds. 
The diacetate of 2-(4-carboxy-2,6-dimethoxyphenoxy)-1-(4-
ethoxy-3-methoxyphenyl)-1,3-propanediol [~-syringic acid ether 
(3-Ac)] (4.0%) was also isolated from the acidic fraction by TLC 
and identified by 1" NMR and DI-MS. 
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Fig. 1. 4 
Ph-H 










OCH 3 -OAc -O-C-CH 3 
5 4 3 2 
o (ppm) 
IH NMR spectra of the diacetate of 1-(4-ethoxy-
3-methoxyphenyl)-1,3-propanediol (28-Ac). 
IH NMR (CDC13) 0 1.44 (t, J=7.0 Hz, 3H, -O-C-CH3), 1.88 (s, 
3H, -OAc) , 2.02 (s, 3H, -OCH3), 3.80 (s, 6H, -OCH3), 3.85 (s, 
3H, -OCH3), 4.07 (q, J=7.0 Hz, 2H, -O-CH2-), about 3.9 (lH, 
C3-H), 4.34 (dd, J=4.0, 12 Hz,lH, C3-H), 4.64-4.80 (m, 1H, 
C2-H), 6.09 (d, J=7.2 Hz, 1H, C1-H), 6.70-7.00 (m, 3H, 
Ph(guaiacyl)-H), 7.32 (s, 2H, Ph(syringyl)-H). 
MS m/z 506 (W). 
Fifty percent of substrate (1) remained in the extracts 
after 6-50 h of incubation. 
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Analysis of catabolites (72-80 h of incubation) 
The diacetate of formate (26-Ac), benzaldehyde (43), and the 
acetate of benzyl alcohol (44-Ac) were identified in the neutral 
fraction by GC-MS (column temp, 170-210 °c, 5°C/min). As the 
triacetate of glycerol (24-Ac) and the acetate of cyclic car-
bonate (27-Ac) could not be separated from other compounds by GC, 
(24-Ac) and (27-Ac) were separated by TLC [solvents, (24-Ac), 
ethyl acetate/n-hexane, 1/6, six times; (27-Ac), ethyl acetate/n-
hexane, 2/5] and identified by GC-MS (column temp, 210°C). 
The diacetate of /3-deoxy d'iol (28-Ac) and the acetate of 
syringyl alcohol (52-Ac) were also identified by GC-MS after 
separation by TLC (column temp, 176°C; solvent, ethyl acetate/n-
hexane, 3/14, twice). 
The mass spectra and retention times were identical with 
those of the authentic compounds (Table 1.1). 
The acidic fraction was ethylated by diazoethane and sepa-
rated by TLC (solvent, ethyl acetate/n-hexane, 1/8). Benzoic acid 
ethyl ester (45-Et) was identified by GC-MS (column temp, 174 
°C). The mass spectrum and retention time were identical with 
those of the authentic compound (Table 1.1). 
For gravimetrical analysis, /3-syringaldehyde ether (1) (64 
mg) was incubated in 14 cultures. After 76-h incubation, the 
cuI tures were extracted with ethyl acetate and acetylated, and 
the extracts were separated into the neutral and acidic frac-
tions. The residual water layer was lyophilized, and the residue 
was extracted with ethyl acetate and acetylated. 
The diacetate of substrate (l-Ac) (12.2%, mol product 
formed/mol initial substrate x 100), the triacetate of /3-syringyl 
alcohol ether (2-Ac) (5.3%), the diacetate of /3-deoxy diol (28-
Ac) «1 mg), benzaldehyde (43) (15.2%), and the acetate of benzyl 
-26-
1.1. DEGRADATION OF A 0-0-4 DILIGNOL BY C. VERSICOLOR 
alcohol (44-Ac) (5.7%) were isolated from the neutral fract ion 
and identified by IH NMR. The acetate derivatives of glycerol 
(24-Ac), propanone (25-Ac), and formate (26-Ac) (total 5.7 mg) 
could not be separated completely from each other by TLC. The 
mixture contained approximately equimolar amounts of (24-Ac)-(26-
Ac), on the basis of the integral values of 1 H NMR. The 
triacetate of glycerol (24-Ac) «1 mg) was also isolated from the 
water layer and identified by GC-MS (column temp, 214 °C). The 
yield of the acetate of cyclic carbonate (27-Ac) (0.5%) was 
calculated on the basis of the integral value of 1 H NMR measured 
by use of benzyl vanillin as an internal standard. 
The acidic fraction ~as ethylated with diazoethane. The 
diacetate of ethyl ester, of (j-syringic acid ether (3-Ac-Et) « 1 
mg) and the ethyl ester of benzoic acid (45-Et) «1 mg) were 
);. 
separated and identified by DI-MS (3-Ac-Et) or GC-MS (45-Et) 
(column temp, 174 ·C). 
Mass spectral data of identified catabolites are listed in 
Table 1.1. 
Two controls which cons isted of only myceri a or substrate 
(1) in the culture medium were incubated, and then extracted 
under the same conditions as described above. The catabo 1 j tes 
(2), (3), (24)-(28), (43)-(45), and (52) were not detected in 
these extracts. 
The extracts in the control that consisted of only myceria, 
however. contained veratryl alcohol (47) detected by GC-MS. Then, 
to conf i rm the structure by 1 H NMR, 28 cultures (560 mL medium) 
were incubated and extracted with ethyl acetate. Veratryl alcohol 
(47) was isolated by TLC and submitted to IH NMR. Figure 1.5 
shoh's the 1 H NMR spectra of the metabolite and authentic dimeth-
oxybenzyl alcohols (47)-(50). Possibility of 3,5-dimethoxybenzyl 
alcohol is ruled out, because the protons of the two methoxyl 
-27-
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~I 3.4-Dimethoxy >-. OCH3 (Veratryl alcohol) CH3 
(47) 
2i20H v I OCH32,3-Dimethoxy " OCH 3 " 
(48) 
CH20H 
.JY0CH3 2, 5-Dimethoxy 
CHP~ 
(50) 
I i I I 
7 6 5 4 
8 (ppm) 
lH NMR spectra of metabolic veratryl alcohol and 
authentic compounds (47)-(50). 
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groups of the metabolite have different chemical shifts in IH NMR 
spectrum, whi Ie the chemical shifts of methoxyl groups of 3,5-
dimethoxybenzyl alcohol are identical. From the IH NMR spectra 
shown in Fig. 1.5, it is evident that the metabolite is veratryl 
alcohol (47) and not other isomers (48)-(50). 
1.1.4 DISCUSSION 
Degradation pathways of 1-(4-ethoxy-3-methoxyphenyl)-2-(4-formyl-
2,6-dimethoxyphenoxy)-1,3-propanediol (1) 
On the basis of the chemical structures of the degradation 
products (2), (3), (24)-,(28), (43)-(45), and (52), the degrada-
tion pathways in Fig. 1.6-1.9 for substrate (1) in the 
ligninolytic culture, of Coriolus versicolor were proposed. 
,h 
B-Syringaldehyde ether (1) was partly reduced to the corre-
sponding B-syringyl alcohol ether (2) and partly oxidized to the 
corresponding B-syringic acid ether (3) (Fig. 1. 6). The conver-
sion of benzaldehyde to the corresponding benzyl alcohol and. 
benzoic acid have generally been found in white-rot fungi (Farmer 
et al., 1959; Zcnk & Gross, 1965; Ander et al., 1980; Nakatsubo 
et al., 1981). B-Syringic acid ether (3) was further oxidized to 
form p-benzoquinone monoketals (8) and (9). The formation path-
ways of (8) and (9) will be discussed in Section 1.3. 
Substrate (1) was cleaved at the B-ether to give glycerol 
(24) and propanone (25) (Fig. 1.7). Kamaya and Higuchi (1984b) 
reported the interconversion between 1-(3,4-dimethoxyphenyl)-
1,2,3-propanetriol and its a-carbonyl derivative. 
Formate (26) and cyclic carbonate (21) were formed as 
aromatic ring cleavage products of substrate (1) and further 
degraded to give glycerol (24) (Fig. 1.7). Isotopic experiments 
indicated that formyl carbon of formate (26) and carbonate carbon 
of cyclic carbonate (25) were derived from B-etherated aromatic 
-29-
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" Reduction and oxidtion of the benzylic aldehyde 
of f3-·syringaldehyde ether (1) by C. versicolor. 
fl-Syrillgic acid ether (3) was further oxidized to form (8) 
and (9)., 
ring. These results will be discussed in Section 1.2. 
Propyl side chain of glycerol (24) was cleaved between Ca 
and CI1 to yield benzaldehyde (43), benzyl alcohol (44), and 
Lenzoic add (45) (Fig. 1.8 ). Kamaya and Higuchi (1984b) 
reported the C(I-CI3 cleavage of a similar compound of glycerol 
(24), 1- ( 3 , 4 -d imethoxypheny 1) -1,2, 3-propanetr io 1, to give C6-C1 
monomers by the culture of C. versicolor. 
The mechanism of formation of syringaldehyde (52) was not 
el ucidated in this experiment, but the following three assump-
tions can be made as to its formation: (i) Syringyl alcohol (52) 
could be formed as a counterpart compound for glycerol (24) or 
propanone (25) through the l3-ether cleavage of 13-0-4 dimers (1), 
-30-
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I3-Ether cleavage 
a' H~~O~~o30~ R ~OCHO OH 
I" -"Y' HO H HO~OH ~ I OCH3 • 7 I 7 
~ CH3 "., / Aromatic ring OCH3 "., OCH3 
OC2H5 (1)-(3) cleavage OC2H5 C2H5 
Fig. 1. 7 
Fig. 1.8 
(26/ II OH (24) 
O~~OH 
7/ 
"., OCH3 ~ CH3 
OC2 H5 OC2H5 
~n ~~ 
f3-Ether cleavage and aromatic ring cleavage of 
f3-~4 dilignols (1)-(3) by C. versicolor. 





(44) R =CH20H 
(45) R-=COOH 
Co-Cll cleavage of f3-~4 dil ignols (1)- (3) and 
arylglycerol (24) by C. versicolor. 
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(2), and (3). In earlier papers (Ishikawa et al., 1963; Fukuzumi 
et al., 1969; Enoki et al., 1981), this pathway was proposed for 
white-rot fungi. However, Umezawa and Higuchi (1985b) found that 
glycerol (24) and guaiacol (59), degradation products of 1-(4-
ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-1,3-propanediol (5) 
by ligninolytic culture of Phanerochaete chrysosporium, were 
formed via different pathways, respectively. Therefore, this 
pathway is unlikely in C. versicolor. (ii) Direct Ca-CB cleavage 
of the /3-0-4 dimers (1), (2) and (3) occurred to give benzalde-
hyde (43) and a C6-C2 hemiketal fntermediate which was spontane-
ously degraded to give syringyl derivatives [e.g. (52)] and C2-
fragment (Fig. 1.8 ). Direct Ca-CB cleavage of /3-1 and /3-0-,1 
lignin substructure models has been proved with the lignin per-
oxidase of P. chrysosporium (Tien & Kirk, 1983; Glenn et al., 
1983; Tien & Kirk, 1984; Goldet al., 1984; Habe et al., 1985b). 
Kamaya and Higuchi (1984a) r~ported the Ca-CB cleavage of a /3-1 
lignin substructure model by the cuI ture of C. versi color. 
Recently, lignin peroxidase of C. versicolor was isolated by 
Dodson et al. (1987), and found to catalyze Ca-Cp cleavage of /3-1 
Fig. 1.9 The possible formation pathway of /3-deoxy diol ( 2 8) fro m /3 - 0- 4 d iIi g n 0 1 s (1) - ( 3) bye. 
versicolor. 
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(Dodson et a1. 1987) and /3-0-4 '(Kawai et a1., in press, see 
Chapter 2) 1 ignin substr'ucture models. These results suggested 
that syringyi alcohol (52) could be formed via these pathways. 
(iii) Alternatively, syringyl alcohol (52) could be formed RH a 
counterpart compound of /3-deoxy diol (28), which was found for 
the first time as a catabolite of /3-0-4 lignin substructure 
models by white-rot fungi (Fig. 1.9 ). Intermediate compound (29) 
was recently found as the degradation product of a /3-0-4 model by 
lignin peroxidase of C. versicolor. The formation mechanisms will 
be discussed in Chapter 2. 
De novo synthesis of vera.tryl alcohol 
Veratryl alcohol (47) was identified as a secondary metabo-
lite of C. versicolor. Russell e1; al. (1961) found veratraldchydc 
',J.. 
(46) in a culture of C. versicolor. De novo synthesis of veratryl 
alcohol (47) by P. chrysosporium was reported previously 
(Lundquist & Kirk, 1978). Afterward many papers were published in 
relation to physiological and biochemical role of veratryi 
alcohol (47) in lignin degradation by P. chrysosporil1m. Shimada 
et a1. (1981) reported the biosynthesis of veratryl alcohol (47) 
in relation to Ii gnin degradation of P. chrysosporil1m. The addi-
tion of veratryi alcohol (47) to the culture of P. chr,Ysos[.wrium 
increased the ligninolytic activity and the production of lignin 
peroxidase in the culture (Leisola et al., 1984; Faison & Kirk, 
1985) . 
The present investigation conclusively suggested that a 
nonphenolic f;)-0-4 ljt:;nin substructure was mainly degraded through 
a degradation pathway similar to that proposed for P. chrysos-
parium and its lignin peroxidase (see Umezawa, 1988). Later, 
lignin peroxidase was isolated from the culture of C. versicolor 
(Dodson et al., 1987) and found to mediate en-oxidation, /3-ether 
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cleavage, Cn-Ca clea.vage and aromatic ring cleavage of B-0-4 
lignin substructures (Kawai et al., in press). The oxidation of 
0-0-4 lignin substructure model compounds by ] ignin peroxidase of 
C. versicolor will be discussed in Chapter 2. 
-34-
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1.2 AROMATIC RING CLEAVAGE OF NONPHENOLIC 13-0-4 LIGNIN SUB-
STRUCTURE MODELS 
1.2.1 INTRODUCTION 
As described in Section 1.1., the degradation of 1-(4-
ethoxy-3-methoxyphenyl)-2-(4-formyl-2,6-dimethoxyphenoxy)-1,3-
propanediol [13-syringaldehyde ether (1)] was catalyzed by t)Jf' 
ligninolytic culture of Coriolus versicolor to give many de~l'ada-­
tion products (Kawai et a1., 1985a,b). 
Tn the present section, the formation pathways of the dc'gra-
dation products, 1- (4.".ethoxy-3-methoxyphenyl) -3-formyloxy-1, 2-
propanediol [formate, (26)] and 1-(4-ethoxy-3-methoxyplwnyl)-
,k 
1,2,3-propanetriol-2,3-cyclic carbonate [cyclic carbonate (27)J, 
are describs. To elucidate whether the formyl carbon of formate 
(26) and the carbonate carbon of cyclic carbonate (27) are 
derived from 13-etherated ar'omatic ring or not, isotopic eXPf~r i-
ments with 13C-Iabeled 13-0--4 dilignols (4..l 3 C) and (5B C) Wt're 
performed. The results indicated that formate (26) and cycLic 
carbonate (27) were formed as aromatic ring cleavage products of 
(3-0-4 lignin substructure model compounds (Kawai et a1., 1985h). 
1.2.2 MATERIALS AND METHODS 
Organism and culture conditions 
COf'ioius \'ersicolor Ps4a was maintained at :30 °c on 2% malt 
agar slant. Experimental culture (20 mL in 300-mL Erlenmeyer 
flasks) was inoculated with a small mycerial mat from the slant 
and grown without agitation at 30 ·C in nitrogen-limited medium 
as described in Section 1.1. 
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Degradation of substrates 
Substrates (1.2-2.0 mg/20-mL culture) were added to 7-day-
old cultures as a DMF soln (100 pL/20-mL culture) without steri-
lization. The culture was flushed with sterile 100% oxygen imme-
diately after addition of substrates and incubated under the same 
condition. 
After incubation for the desired period of time, whole 
culture was acidified with 1 N HCI to pH 2 and extracted with 
d.hy 1 acetate (20 mL, three times). The combined organic layer 
was washpd witll saturated NaCl soin, dried over anhyd Na2S04, and 
evaporated under reduced pressure. Then, residual DMF was removed 
under hi gb vacuum. The extract was acetylated with acetic anhy-
dride and pyridine (1/1, v/v) at room temp for 24 h. 
The acetylated products were analyzed by GC-MS [column: 1% 
OV-1 on Chromosorb W AW-DMCS (Shinwa Kakou), glass column, 2 m x 
3 mm (i.d.)) directly or aftef separation by TLC (Kieselgel FZ54, 
Mc't'ck) • 
Catabolites were identified by comparison of these spectra 
with those of authentic compounds. 
Syntheses of substrates and authentic compounds 
2,6-iU-Rine;-13C]dimethoxyphenol was synthesized from 2-(2-
! {i-I'i ng_ 13 C J methoxyphenoxy) -5-n i t I'o ben zo phenone, wh i ch was 
prepared from LU-ring-13CJaniline (CEA; minimum isotopic purity, 
90%) (Kratzl & Vierhapper, 1971; Umezawa & Higuchi, 1985c), by a 
modified method of Loudon and Scott (1953): (i) hydroxylation 
with concd HzS04/acetic acid/30% H20z at room temp (67.5%); (ii) 
methylat iOIl ~vith diazomethane in methanol at room temp (quanti ta-
tive); (iii) elimination of the 5-nitrobenzophenone with re-
fluxing piperidine (84.8%). 
MS (acetate) m/z (%) 202 (4.0), 201 (2.8), 200 (0.65), 161 
(3.1), 160 (100), 159 (69), 158 (20), 157 (3.9), 145 (29), 
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144 (20), 143 (7.0), 130 (3.9), 129 (2.4), 116 (11), 115 
(11), 114 (7.8), 113 (6.1), 112 (3.5). 
2-(2,6-Dimethoxyphenoxy)-1-(4-ethoxy-3-methoxyphenyl)-1,3-
propanediol [a-syringyl ether (4)] and 2-(2,6-[U-ring_13 C]di-
methoxyphenoxy)-1-(4-ethoxy-3-methoxyphenyl)-1,3-propanediol 
[13 C-Iabe led a-syr ingy I ether (4...1.3 C)] were prepared from aceto-
vanillone (Tokyo Chemical Industry) by a modification method of 
Adler et al. (1952) via the following steps: (i) iodoethane/K2C03 
in DMF at room temp; (ii) CuBr2 in refluxing ethyl acetate; (iii) 
2,6-dimethoxyphenol (Nakarai Chemicals) or 2,6-[U-ring-13 C]di-
methoxyphenol/K2C03 in DMF at room temp; ( i v) paraformaldehyde/ 
K2C03 in (CH3)2S0 at room temp; (v) NaBH4 in methanol at 0 °c. 
(4): 1H NMR (CDC13) C~cetate) 0 1.45 (t, J=7.0 Hz, 3H, -O-C-
CH3), 1.93 (s, 3H,,-OAc), 2.02 (s, 3H, -OAc) , 3.79 (s, 3H,-
I' 
OCH3) , 3.85 (s, 3H, -OCH3), 4.08 (q, J=7.0 Hz, 2H, -O-CH2-), 
about 3.85 (1H, C3-H), 4.34 (dd, J=4.0, 12 Hz, 1H, C3-H), 
4.50-4.66 (m, 1H, C2-H) , 6.12 (d, J=7.6 Hz, 1H, C1-H), 6.56 
(d, J=8.3 Hz, 2H, Ph(syringyl)-H3,5) , 6.90 (d, J=8.8 Hz, 1H, 
Ph(guaiacyl)-H5), 6.89-6.90 (m, 2H, Ph(guaiacyl)-H2,6) , 6.98 
(d, J=8.3 Hz, 1H, Ph(syringyl)-H4). 
MS (acetate) m/z (%) 463 (2.0),462 (W, 7.9), 309 (10), 266 
(7.9),250 (14),249 (13),239 (13),208 (8.3), 207 (67),206 
(74), 181 (46), 154 (100), 153 (25). 
(4_13C): MS (acetate) m/z (%) 469 (1.7), 468 (8.2), 467 
(6.0), 466 (1. 5 ), 309 (12), 266 (7.9), 250 (14), 249 (13), 
245 (13), 244 (7.2), 208 (12), 207 (88), 206 (l00) , 181 (61), 
160 (63), 159 (57), 158 (23). 
3-(4-Ethoxy-3-methoxyphenyl)-1-propanol (31) was prepared 
from 4-ethoxy-3-methoxycinnamyl alcohol by hydrogenation with 10% 
Pd-C under H2 in methanol at room temp. 
3-(4-Ethoxy-3-methoxyphenyl)-1-formyloxypropane (30) was 
prepared from (31) by esterification with acetic formic anhydride 
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(Reber et al., 1954) in pyridine at 0 °c ~ room temp. 
IH NMR (CDCI3) 0 1.45 (t, J=7.0 Hz, 3H, -O-C-CH3), 1.90-2.05 
(2H, C2-Hz), 2.60-2.70 (2H, C3-Hz), 3.86 (s, 3H, -OCH3), 4.08 
(q, J=7.0 Hz, 2H, -O-CHz-), 4.10-4.25 (2H, CI-Hz), 6.70-6.90 
(3H, Ph-H), 8.08 Is, IH, -CHO). 
MS m/z (%) 239 (7.8),238 (W, 50), 210 (7.8), 165 (26), 164 
(l8), 163 (l3), 138 (13), 137 (100). 
Other compounds, 1-(4-ethoxy-3-methoxyphenyl)-2-(2-[U-ring-
13 C]methoxyphenoxy)-1,3-propanediol [13 C-labeled B-guaiacyl ether 
(2_ 13 C)] and 1-{4-ethoxy-3-methoxyphenyl)-1,2,3-propanetriol-2,3-
cyclic carbonate [cyclic carbonate (27)J (Umezawa & Higuchi, 
1985c), 1-(4-ethoxy-3-methoxyphenyl)-1,2,3-proapnetriol [glycer-
ol (24)} (Umezawa & Higuchi, 1984), the diacetate of 1-(4-ethoxy-
:3--llwthoxyphenyl) -3-formy 1 oxy-1, 2-propanediol [formate (26-Ac)] 
(Kawai et al., 1985a), were prepared previously. 
Instruments 
NMR spectra were obtained with a Varian XL-200 FT NMR 
spectrometer (200 MHz) with (CH3 )4Si as an internal standard. 
Chemical shifts and coupling constants are given in 0 value (ppm) 
and Hz, respectively. Mass spectra were taken with a Shimadzu-LKB 
9000 gas chromatograph-mass spectrometer (EI, 70 eV). 
1. 2.3 RESULTS 
Catabolism of 2-(2,6-dimethoxyphenoxy)-1-(4-ethoxy-3-methoxy-
phenyl)-1,3-propanediol (4) and 13 C-labeled /3-syringyl ether (4-
13 C) 
B-Syringyl ether (4) (2.0 mg/20-mL culture) was added to the 
cultures. The cultures were extracted after 72-h incubation, and 
then the extract was acetylated. The acetylated products were 
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directly submitted to GC-MS (column temp, 211°C), and triacetate 
of glycerol (24-Ac) and the diacetate of formate (26-Ac) were 
identified. The acetate of cyclic carbonate (27-Ac) was also 
identified by GC-MS (column temp, 211 °C) after separa,tion by TLC 
(solvent, ethyl acetate/n-hexane, 2/5). The mass spectra and the 
retention times were identical with those of the authentic 
compounds. These products, (24-Ac), (26-Ac) and (27-Ac), could 
not be detected in the extract of the uninoculated control. 
In an isotopic experiment with 13 C-labeled /3-syringyl ether 
(4_13 C) (1.1 mg/20-mL culture) under the same conditions, the 
triacetate of glycerol (24-Ac), the diacetate of formate (26-Ac) 
and the acetate of cyclic carbonate (27-Ac) were identified from 
the extracts after 72 h, ,of incubation. The mass spectrum of the 
diacetate of formate, (26-Ac) is shown in Fig. 1.10. The mass 
,,I"";. 
spectra of formate (26-Ac) and cyclic carbonate (27-Ac) derived 
from (4-13 C) gave higher molecular ion peaks by one mass unit 
than those of the unlabeled authentic compounds. These results 
clearly indicated that the formyl carbon of (26) and carbonate. 
carbon of (27) contained 13 C derived from the /3-etherated 
aromatic carbons of /3-syringyl ether (4_13 C). 
Catabolism of 1-(4-ethoxy-3-methoxyphenyl)-2-(2-[U-ring_13 Ci-
methoxyphenoxy)-1,3-propanediol (5-13 C) 
The cultures incubated with 13C-Iabeled /3-guaiacyl ether (5-
13C) (2.0 mg/20-mL culture) were extracted after 60 h of incuba-
tion. The triacetate of glycerol (24-Ac) was identified by GC-MS 
(column temp, 209°C). The mass spectrum and the retention time 
were identical with those of the authentic compound. The acetate 
of cyclic carbonate (27-Ac) was separated by TLC (solvent, ethyl 
acetate/n-hexane, 2/5) and identified by GC-MS (column temp, 211 
DC). From the mass spectrum, the carbonate carbon of (27-Ac) 
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Mass spectra of the diacetate of 1-(4-ethoxy-3-
methoxyphenyl)-3-formyloxy-l,2-propanediol (26-
Ac). ": 
lIpper, authentic compound; lower, catabolite from 2-(2,6-[U-
ring_ 13CJdimethoxyphenoxy)-2-(4-ethoxy-3-methoxyphenyl)-1,3-
propanediol (4_13C) by C. versicolor. 
carbons of a-guaiacyl ether (5-13 C). 
The acetate of formate (26), however, could not be detected 
in the degradation products of guaiacyl ether (5-13 C). 
Catabolism of 1-(4-ethoxy-3-methoxyphenyl)-1, 2, 3-propanetriol-
2,3-cyclic carbonate (27) 
The acetylated extracts of cyclic carbonate (27) (1.2 mg/20-
mL culture) after 24 h of incubation were analyzed by GC-MS 
(column temp, 210 °C), and the triacetate of glycerol (24-Ac) was 
identified by comparison of the mass spectrum and retention time 
with those of the authentic compound. However, glycerol (24-Ac) 
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was also detected in the acetyl~ted extracts after 24 h of 





To confirm the possible cleavage of formate (26) to glycerol 
(24) by the fungus (-OCHO ~ -OH), compound (30) having formyl 
ester was synthesized and used as a substrate. Compound (30) (1.2 
mg/20-mL culture) added to the cuI ture disappeared almost 
completely after 24 h of incubation, and the acetate of compound 
(31-Ac) was identified by GC-MS (column temp, 188 ·C) as a main 
degradation product in the acetylated extracts. The mass spectra 




As described in section 1.1, formate (26) and cyclic 
carbonate (27) were identified as the degradation products of ~­
syringaldehyde ether (1) by Coriolus versicolor (Kawai et a1., 
1985a,b). In the present investigation, cyclic carbonate (27) was 
found as a catabolite from both ~-syringyl ether (4) and 13-
guaiacyl ether (5) in the culture of C. versicolor. Formation of 
formate (27) from a-syringyl ether (4) was confirmed by GC-MS, 
but interestingly formate (26) could not be detected in the 
degradation products of guaiacyl ether (5) by C. versicolor. The 
similar results were obtained in the case of Phanerochaete 
chrysospor i um (Umezawa et a1., 1986). The results suggests that 
the number of the alkoxyl groups substituted aromatic nuclei 
influences the degradation of 13-0-4 substructure by C. versicolor 
and P. chrysosporium. 
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To elucidate whether the formyl group of formate (27) was 
derived from a-etherated aromatic ring as a degradation fragment 
or other compounds [e. g. formic acid produced by oxalic decar-
boxylase commonly distributed in white-rot fungi (Shimazono, 
1955; Shimazono & Hayaishi, 1957)], 13 C-Iabeled a-syringyl ether 
(4_13 C) was synthesized and used as substrate. The isotopic 
experiment indicated that formate (26) was formed by the culture 
of C. versicolor as an aromatic ring cleavage product of a-
syringaldehyde ether (1) and a-syringyl ether (4), which contain 
two methoxyl groups in a-phenoxyl groups. 
That compound (30) was degraded to give compound (31) 
suggested that the formyl group of formate (26) is cleaved to 
give glycerol (24). 
The present investigation showed that the cyclic carbonate 
(27) was also formed as an aro~atic ring cleavage product from a-
" 
syringaldehyde ether (1), a-syringyl ether (4) and a-guaiacyl 
ether (5), and cleaved to gi~e glycerol (24) by the culture of C. 
versicolor. 
Figure 1.11 shows the formation pathways of glycerol (24) 
via aromatic ring cleavage products (26) and (27), from aryl-
glycerol-a-aryl ethers (1), (4) and (5). Umezawa and Higuchi 
(1985c) reported that the cyclic carbonate (27) was formed as an 
aromatic ring cleavage product of a-guaiacyl ether (5) and that 
cyclic carbonate (27) was further degraded to give glycerol (24) 
by the culture of P. chrysosporium. The degradation pathway via 
formate (26) by C. versicolor was found for the first time in the 
present investigation, and the involvement of this pathway in P. 
chrysosporium was proved later (Umezawa et al., 1986). 
Recent reports (Leisola et al., 1985; Umezawa et al., 1986a; 
Umezawa & Higuchi, 1986; Miki et al., 1987) demonstrated that 
aromatic ring cleavage of lignin model compounds were catalyzed 
by lignin peroxidase of P. chrysosporium, and degradation mecha-
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Formation paihways of glycerol (24) via armatic 
ring cleav-5lge products, formate (26) and cyclic 
carbonate (27), from /3-0-4 dilignols (1), (4) 
and (5) by the culture of C. versicolor. 
Because the pathway (30) ~ (31) was established, the 
pathway (26) ~ (24) was suggested. 
nisms were investigated in detail by use of lBO-labeled molecular 
oxygen and water (Umezawa & Higuchi, 1987; Shimada et a1., 1987; 
Miki et al., 1988). 
Very recently, lignin peroxidase of C. versicolor was found 
to mediate the aromatic ring cleavage. The result will be dis-
cussed in Chapter 2 (Kawai et al., in press). 
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1.3 FORMATION OF p-BENZOQUINONE MONOKETALS AS NOVEL DEGRADATION 
PRODUCTS 
1.3.1 INTRODUCTION 
Preceding sections (Section 1.1 and 1.2) described that the 
1 ie;ninolyt ic: culture of CoriolLls versicolor degraded nonphenolic 
/3-0-4 lignin substructure model compounds via Ca-CO cleavage, 
aromatic ring cleavage etc. (Kawai et al., 1985a,b). Recent 
investigations demonstrated that lignin peroxidase, an extracel-
lulllr heme protein from Phancrochacte chrysosporillm (Tien & Kirk, 
1983; Glenn et aI, 1983; Tien & Kirk, 1984; Kuwahara et al., 
1984, Gold et al., 1984), catalyzed not only Ca-Ca cleavage but 
also aromatic ring cleavage o( veratryl alcohol (Leisola et al., 
" 
1985) and lignin substructure model dimers (Umezawa et al., 
198611; Umezawa & Higuchi 1986J. 
The present section describes that jrbenzoquinone monoketal, 
2-(4-ethoxy-3-methoxyphenyl)-3-hydroxymethyl-6,10-dimethoxy-1,4-
djoxLtspiro[4,5]deca-6,9-diene-8-one [monoketal (8)], was formed 
in the degradation of /3-0-4 lignin substructure model climers by 
both the culture of C. versicolor and 1 ignin peroxidase of P. 
chrysosporium, and the formation mechanism of monoketal (8) is 
discussed on the basis of the isotopic experiment (Kawai et al., 
1987a) . 
1.3.2 MATERIALS AND METHODS 
Syntheses of substrates 
1-(4-Ethoxy-3-methoxyphenyl)-2-(4-formyl-2,6-dimethoxyphen-
oxy)-1,3-propanediol [a-syringaldehyde ether (1)] was prepared as 
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described in Section 1.1 (Kawai et al., 1985). 
2-(4-Carboxy-2,6-dimethoxyphenoxy)-1-(4-ethoxy-3-methoxy-
phenyl)-1,3-propanediol [B-syringic acid ether (3») was prepared 
from the diacetate of B-syringaldehyde ether (I-Ac) via the 
following two steps: (i) Jone's reagent (Fieser & Fieser, 1967a) 
in acetone at 0 °C; (ii) sodium methylate (28% in methanol) in 
methanol/CHzClz, 1/4, at 0 "C. 
MS m/z (%) 422 (W, 3), 224 (100), 198 (52), 195 (40), 18~i 
(23), 181 (42), 152 (21), 151 (35), 137 (23). 
Organism and culture conditions 
Coriolus versicolor Ps4a was maintained at 30°C on 2% malt 
agar slants. Experimental cultures (20 mL in 300-mL Erlenmeyer 
flasks) were inoculated with a small mycerial mat from the slant 
~;,-
and grown without agitation at 30°C in ni trogen-limi ted medium 
as described in Section 1.1. 
Degradation of 1-(4-ethoxy-3-methoxyphenylJ-2-(4-formyl-2,6-di-
methoxyphenoxyJ-l,3-propanediol (1) by C. versicolor 
B-Syringaldehyde ether (1) was added to 7-day-old cultures 
and incubated for 76 h. The cultures were then extracted with 
ethyl acetate as described in Section 1.1. The extracts were 
submitted to TLC directly or after acetylation with acetic anhy-
dride and pyridine (1/1, v/v) at room temp for 24 h. 
Monoketal (8) was separated from the nonacetylated extracts 
by 'fLC (solvents, methanol/CHzClz, 1/99, three times, and ethyl 
acetate/hexane, 1/2, four times). The acetate of monoketals (8-
Ac), (9a-Ac), and (9b-Ac) were separated from acetylated extracts 
by TLC [solvents, (8-Ac), methanol/CHzClz, 1/99, three times, and 
ethyl acetate/n-hexane, 1/3, four times; (9a-Ac), methanol/CzClz, 
2/98, four times, and ethyl acetate/n-hexane, 1/2, four times; 
(9b-Ac), methanol/CHzClz, 1/99, twice, and ethyl acetate/n-
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hexane, 1/2, three times]. 
Preparation of Phanerochaete chrysosporium lignin peroxidase 
Lignin peroxidase which was prepared by the modified method 
of Tien and Kirk (1984) from the culture filtrate of P. chrysos-
porium Burds. ME-446 was provided by Nagase Biochemicals Co., 
Ltd. (Umezawa et al., 1986). Enzyme activity was assayed by 
spectrometric quantification of veratraldehyde (46) (c3l0 =9300 
M-l ·cor l ) formed by oxidation of veratryl alcohol (47) (Tien & 
Kirk, 1984). 
Degradation of 2-( 4-carboxy-2, 6-dimethoxyphenoxy)-1-(4-ethoxy-3-
methoxyphenyl)-1,3-propanediol (3) by P. chrysosporium lignin 
peroxidase 
Enzyme reactions were carried out in a total volume of 3.3 
mL, containing 0.45 mM H202, 0.3 roM ~-syringic acid ether (3), 20 
pL of lignin peroxidase (1.7-2.5 nkat) and polyacrylic acid 
buffer (10 mM in carboxyl, pH 4.5). Reactions were started by 
addition of lignin peroxidase, and the reaction mixture was 
incubated at 37°C under air for 90 min. 
The reaction mixture was extracted with ethyl acetate (10 
mL, three times), and the combined organic layer was washed with 
saturated NaCl soln, dried over anhyd Na2S04 and evaporated under 
reduced pressure. The extracts were acetylated with acetic anhy-
dride and pyridine (1/1, v/v) for 24 h. 
Monoketal (8-Ac) was separated by TLC (solvent, ethyl 
acetate/n-hexane, 1/3, twice). The identity of the product was 
determined by DI-MS. 
Incorporation of 18 0 from 18 02 
Reaction flask which contained ~-syringic acid ether (3), 
H202, and buffer was evacuated and then filled with argon gas and 
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this procedure was repeated five times. Finally, 18 02 (1S 0: 99%, 
Amersham) was introduced into the evacuated flask. Reaction was 
started by the addition of lignin peroxidase and the reaction 
mixture was incubated at 37 ·c for 45 min. 
Instruments 
1H NMR spectra were obtained with a Varian XL-200 FT-NMR 
spectrometer (200 MHz) with (CH3)4Si as an internal standard. 
Chemical shifts and coupling constants are given in B value (ppm) 
and Hz, respectively. Mass spectra were taken with a Shimadzu 
GCMS QP-I000 gas chromatograph-mass spectrometer (EI, 70 eV) and 
a Jeol JMS-DX 300 gas chromatograph-mass spectrometer (EI, 70 
eV). IR spectra were measured wjth a Jasco IR-BI0. 
1. 3. 3 RESULTS 
Degradation of 1-(4-ethoxy-3-methoxyphenyl)-2-(4-formyl-2,6-di-
methoxyphenoxy)-1,3-propanediol (1) by Coriolus versicolor 
Monoketal (8) was separated as a catabolite of B-syringalde-
hyde ether (1) degraded by C. versicolor. The structure of mono-
ketal (8), which has cyclized Ca and Cn oxygens, was determined 
on the basis of the following experiments. (i) When monoketal (8) 
was acetylated, the chemical shifts of Cr protons in the 1H NMR 
spectrum shifted downfield owing to the acetyl group introduced 
(Table 1.2). (ii) Since monoketal (8) is a spiro compound whose 
ea and C(.l carbon atoms are asymmetric, the chemical shifts of the 
methoxyl groups and protons derived from the p-benzoquinone 
moiety in the IH NMR spectrum differ from each other as shown in 
Table 1. 2. 
(8): 1H NMR (Table 1.2). 
MS m/z (%) 393 (7), 392 (W, 30), 331 (B), 212 (24), 169 
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Fig. 1. 12 IH NMR spectrum of 2-(4-ethoxy-3-methoxyphenyl)-
3-hydroxymethyl-6,10-dimethoxy-1,4-dioxaspiro-
[4,5]deca-6,9-dien-8-one (8-Ac). 
(100), 154 (23). 
(8-Ac): IH NMR (Table 1.2, Fig 1.12 ). 
MS m/z (%) 435 (7), 434 (M+, 30), 331 (15),206 (60),169 
(37), 154 (100). 
High-resolution MS for C22H2S09 434.15767 (calculated), 
434.15781 (found). 
IR v max (CC14) 1665 cm -1. 
The structures of the acetate of monoketals (9a-Ac) and (9b-
Ac), which cyclized between Ca and Cl" oxygens, were also con-
firmed by IH NMR and DI-MS. The chemical shifts of Ca protons of 
(9a-Ac) and (9b-Ac) in the IH NMR spectra were considerably 
shifted downfield compared with that of the Ca proton of (8-Ac). 
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TABLE 1.2 





1.51 (t, J=6.9, 3H) 
4.10 (q, J=7.0, 2H) 
Methoxyl 3.82 (s) 
3.87 (s) 
:l:90 (s) 
Ca-H 5.30 (d, J=9.1) 
C~-H 4.30-4.40 (m) 
Cr-H 3.65 (dd, J=12.6, 2.7) 
3.98 (dd, J=12.5, 3.5) 
>C=CH-CQ- 5.45 (d, J=1.7) 
5 • 48 (d , J= 1. 7 ) 
Aromatic-H 6.86 (d, J=8.2, H5) 
6.99 (dd, J=8.3, 2.0, H6) 
7.10 (d, J=1.9, H2) 
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(8-Ac) 
1.47 (t, J=7.0, 3H) 





5.01 (d, J=8.9) 
4.40-4.50 (m) 
4.22 (dd, J=11.9, 6.8) 
4.35 (dd, J=11.9, 2.9) 
5.42 (d, J= 1. 7 ) 
5 • 47 ( d , J= 1. 7 ) 
6.85 (d, J=8.3, H5) 
6.96 (dd, J=8.3, 1.9, H6) 
7.10 (d, J=1.9, H2) 
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1. 46 ( t, J=7.0, 3H) 









5.37 (d, J=1.7) 
5 . 4 ] ( d , J= 1. 7 ) 
6.80-7.00 (m, 3H) 
(9b-Ac) 
1. 45 ( t, J=7.0, 3H) 
4.10 (q, J=7.0, 2H) 
2.12 ( s) 
3.71 (s, 6H) 
3.87 (s) 
5. 94 (d, J=6. 2 ) 
4.65-4.85 (m) 
about 4.20 
4 . 37 (dd , J= 7 . 3, 6. 4 ) 
5 . 33 (d , J= 1. 5 ) 
5.38 (d, J=1.7) 
6.80-7.00 (m, 3H) 
Chemical shifts and coupling constants (J) are given in /) value (ppm) and Hz, 
rl>spectively. CDC13 and (CtI:?)~_Si were used as solvent and .internal standard, 
respectively. For structural formulae see Fig. 1.13. 
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These results indicated that acetoxyl groups were attached to the 
Cn positions of (9a-Ac) and (9b-Ac). Monoketals (9a) and (9b) 
were found to be diastereomers of each other, but the assignment 
to erythro and threo was not made. 
(9a-Ac): IH NMR (Table 1.2). 
MS m/z (%) 435 (5), 434 (W, 18),212 (14),181 (100), 169 
(29), 125 (15). 
(9b-Ac): IH NMR (Table 1.2). 
MS m/z (%) 435 (7), 434 (W, 31), 223 (36), 212 (16), 181 
(100), 169 (32), 154 (19), 125 (16). 
The structure of monoketal (8) was further confirmed by mass 
spectrometric analysis of the reduced compounds by Pd-C/H2 and 
NaBH4 as shown in Fig. 1.13~ 
Fig. 1.13 Chemical structures of monoketals (8), (8-Ac), 
(9-Ac), and the reduced compounds of (8-Ac). 
(i) When the acetate of monoketal (8-Ac) was hydrogenated 
with 10% Pd-C under H2 in methanol at room temp for 20 min, two 
major products cyclohexanones (lOa) and (lOb) were isolated by 
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TLC (solvent, ethyl acetate/n-hexane, 1/3, twice), but both the 
compounds gave the same molecular ion peak at m/z 438. The result 
indicated that cyclohexanones (lOa) and (lOb) were stereoisomers 
each other. 
(ii) Cyclohexanones (lOa) and (lOb) were further reduced 
with NaBH4 in methanol at O°C for 10 min, and the reduced prod-
ucts were acetylated. By this treatment, the molecular ions of 
the products (lla) and (lIb) increased to give m/z 482, 44 mass 
units higher than original cyclohexanones (lOa) and (lOb), 
respectively. 
Degradation of 2-(4-carboxy-2,6-dimethoxyphenoxy)-1-(4-ethoxy-3-
methoxyphenyl)-1,3-propanediol (3) by lignin peroxidase 
Monoketal (8) was also found to be formed by lignin per-
oxidase degradation of /3-syringic acid ether (3), which is a 
cataboli te of /3-syringaldehyde ether (l) by the culture of C. 
versicolor as described in Section 1.1 (Kawai et al., 1985a). The 
acetate of monoketal (8-Ac) was identified by MS analysis. 
(8-Ac): MS m/z (%) 435 (11), 434 (W, 38), 331 (13), 206 
(58), 169 (38), 154 (100). 
In addition, the isotopic experiment with 18 02 showed that 
80% of the quinone oxygen of the acetate of monoketal (8-Ac) was 
derived from 18 02 (Fig. 1.14 ). 
1.3.4 DISCUSSION 
The present investigation showed that monoketal (8) is 
formed as a degradation product of /3-syringaldehyde ether (1) by 
the culture of Coriolus versicolor. In previous section (Kawai et 
al., 1985a, b), many degradation products of nonphenolic /3-0-4 
lignin substructure model dimers (1), (4) and (5) via Cn-Cll 
cleavage and aromatic ring cleavage by C. versicolor were 
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Fig. 1.14 











Molecular ion region of the acetate of monoketal 
(8-Ac) . 
(A) Degradation product from 13-syringic aGid ether (3) by 
lignin peroxidase under air (1602); (B) degradation product 
from (3) under 1802' 
identified. Similar degradation products of 13-0-4 lignin sub-
structure models by lignin peroxidase of Phanerochaete chrysos.,-
parium were found (Tien & Kirk, 1983; Glenn et al., 1983; Tien & 
Kirk, 1984; Gold et al., 1984; Habe, 1985b; Miki et al., 1986a; 
Umezawa et al., 1986; Umezawa & Higuchi, 1986). 
Kirk and co-workers (Kersten et al., 1985; Hammel et al., 
1985) demonstrated by use of ESR that lignin peroxidase catalyzed 
one-electron oxidation of aromatic nuclei to form aryl cation 
radicals. Figure 1.15 shows the proposed degradation mechanisms 
of monoketal (8) from f3-syringic acid ether (3) via cation 
radical of f3-etherated aromatic ring (B-ring). It is conceivable 
that the B-ring of (3) is oxidized by lignin peroxidase to give a 
cation radical, which is subsequently attacked by the Ca hydroxyl 
group of (3). The resulting radical reacts with molecular oxygen 
and the peroxide intermediate formed could be decarboxylated to 
give monoketal (8). The incorporation of molecular oxygen (18 02) 
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Fig. 1.15 
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C02, i>o\~~.r.H. '2 ;XoS~:~~v-.• -•. 
p OVC.!Q'-H p I O¥COOH 
C2H50 ~ I OCH3 '0 C2H50 ~ OCH3 
OCH3 * OCH3 * 
.:180 
* Assumed compound 
Possible mechanism for the formation of 
monoketal (8) from a-syringic acid ether (3) by 
lignin peroxidase. 
Incorporation of molecular oxygen to p-benzoquinone moiety 
of monoketal (8) was proved by the isotopic experiment 
using 1802' 
into monoketal (8) (Fig. 1.13) supported the mechanism. 
The formation mechanism of monoketal (9) which is cyclized 
between CB and Cr oxygens is also explicable in a similar manner 
to that shown in Fig. 1.15. 
Umezawa and Higuchi (1985c) reported that the migration of 
the a-aryl group from CB to Cl' oxygen during degradation of 1-(4-
ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy}-1,3-propanediol (5) 
to give guaiacoxyethanol in the culture of P. chrysosporium. 
There, it was suggested that migration occurs via attack of the 
hydroxyl group on the a-aryl cation radical produced by lignin 
peroxidase. Recently, similar rearrengements were reported by use 
of lignin peroxidase of P. chrysosporium (Miki et al., 1986b). 
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Kirk et al. (1986) detected an ESR signal corresponding to the 13-
aryl cation radical of a Cn carbonyl-containing 13-0-4 lignin 
model formed by lignin peroxidase and suggested that aryl cation 
radicals were attacked by the hydroxyl group to form a cyclohexa-
dienone ketal similar to monoketals (8) and (9). 
In conclusion, these results suggest that monoketals (8) and 
(9) and other degradation products identified in Section 1.1 
(Kawai et a1., 1985a,b) from 13-0-4 lignin substructure dilignols 
could be formed via the attack of hydroxyl groups on the cation 
radical, en-cll cleavage and aromatic ring cleavage catalyzed by 
the lignin peroxidase in the culture of C. versicolor. 
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CHAPTER 2 
DEGRADATION OF NONPHENOLIC 0-0-4 LIGNIN SUBSTRUCTURE MODEL COM-
POUNDS BY LIGNIN PEROXIDASE OF CORIOLUS VERSICOLOR 
2.1 INTRODUCTION 
Chapter 1 (Kawai et al., 1985a,b, 1987a) described that the 
nonphenolic /3-0-4 lignin substructure model compounds were 
degraded by the ligninolytic culture of C. versicolor, and that 
the def?;radation could be catalyzed by a similar enzyme to that 
isolated from P. chrysosporium (lignin peroxidase) (Tien & Kirk, 
198~~; Glenn et al. 1983). Dodson et al. (1987) recently isolated 
lignin peroxidase from the culture filtrate of C. versicolor. 
,Jonsson et al. (1989) reported very recently that the amino-
terminal regions of lignin peroxidases from C. versicolor were 
qui te similar to those of an isozyme from P. chrysosporium, and 
that /3-0-4 lignin models were degraded by lignin peroxidase of 
C. versicolor. However, they did not study on the structure of 
degradation products and the degradation mechanisms of /3-0-4 
lignin model compounds. 
The purpose of this investigation is to elucidate the degra-
dation mechanisms of /3-0-4 lignin substructure models, /3-
syringyl ether (4) and /3-guaiacyl ether (5), by lignin per-
oxidase of C. versicolor, through identification of the degrada-
tion products (Kawai et al., in press). 
2.2 MATERIALS AND METHODS 
Enzyme preparation 
Coriolus versicolor Ps4a was maintained at 25 "c on 3% malt 
agar slants. The cultures (100 mL in 1-L Erlenmyer flasks x 10) 
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were inoculated with small mycerial mats from the slants and 
grown without agitation at 25 ·C. The culture medium was the same 
reported by Jonsson et al. (1987) except that 0.1 % Tween 80 
[polyoxyethylene (20) sorbitan monoorate, Wako Pure Chemical 
Industrials] was added. Medium contained the following compounds 
per liter of distilled water: glucose, 2.20 g; ammonium tartrate, 
0.94 g; KHzP04, 1.00 g; NaHzP04-HzO, 0.26 g; MgS04-7HzO, 0.50 g; 
Thiamine-HCl, 0.1 mg; CaClz, 5.1 mg; FeS04-7HzO, 5.0 mg; 
MnS04-4HzO, 0.48 mg; ZnS04-7H20, 0.64 mg and veratryl alcohol, 
0.5 mg. 
After 13 days, ammonium sulfate was added to the culture 
filtrate (950 mL) to 80 % concentration, and the soln was allowed 
to stand for 18 h at 4 °C. The precipitate was collected on 
celite (No. 545, Johns,:-Manville), resuspended in 0.2 M sodium 
r 
tartrate buffer, pH 4.5, and dialyzed against the same buffer for 
20 h at 4 ·C. The dialyzed tube containing crude enzyme proteins 
was dehydrated with polyethylenglycol 6000 at 4 ·C to 7 mL. The 
concentrated protein was used as a crude enzyme soln. The prep a-
rat ion contained both lignin peroxidase and laccase acti vi ties. 
Lignin peroxidase and laccase activities were assayed spectropho-
tometrically by using veratryl alcohol (46) (Tien & Kirk, 1984, 
see Section 1.3 ) and syringaldazine (Aldrich Chemical) 
(Leonowicz & Grzywnowicz, 1981, see Section 3.1 ), respectively. 
Enzyme reactions 
Substrate (1 pmol) was incubated in a total volume of 2.8 mL 
with the enzyme (lignin peroxidase activity, ca. 1 nkat) and 0.5 
mM H20Z in 0.2 M sodium tartrate buffer (pH 4.5) at 30 ·C for 2 h 
under air. Reaction was terminated by extraction with ethyl 
acetate (5 mL, three times). The ethyl acetate layer was dried 
over Na2S04 and evaporated under a reduced pressure. The extract 
was acetylated with acetic anhydride and pyridine (1/1, v/v) in 
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ethyl acetate for 15 h and analyzed by GC-MS [column, Shimadzu 
capillary column Hicap CBP1-W12-100 (methyl silicone), 11 m x 
0.53 mm (i.d.), 120-220 °c, 5 "C/min, carrier gas; He (15 mL/ 
min)] . 
Degradation products were identified by comparison of the 
mass spectra and the retention times with those of the authentic 
compounds. 
In a control experiment, H202 was replaced by tartrate 
buffer. 
Semi-quantitative experiments were performed as follows. The 
diacetate of 3-(4-hydroxy-3-methoxyphenyl)-1-propanol (3 pg in 
10-pL dioxane soln) as an internal standard was added before 
extraction, and the extracts were analyzed as described previous-
ly. The quantities of degradation products were determined by 
comparing peak area of the internal standard in total ion 
chrom:itogram wi th those of degradation products. 
Syntheses of substrates and authentic compounds 
Following compounds were prepared by the methods reported 
previously: 2-(2,6-Dimethoxyphenoxy)-1-(4-ethoxy-3-methoxy-
pheny 1) -1 ,3-propanediol [B-syr ingy 1 ether (4)] (Kawai et a1. 
1985b), 1-(4-ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-1,3-
propanediol [f3-guaiacyl ether· (5)] (Kawai et al., 1985b), 1-(4-
ethoxy-3-methoxyphenyl)-1,2,3-propanetriol [glycerol (24)] 
(Kamaya & Higuchi, 1984) and 4-ethoxy-3-methoxybenzaldehyde 
[benzaldehyde (43)] (Umezawa et a1., 1983). 
1-(3-Ethoxy-4-methoxyphenyl)-2-(2-methoxyphenoxy)-3-hydroxy-
propanone [a-carbonyl dimer (6)] was obtained as intermediate 
compound of (5) before reduction with NaBH4. 
The acetates of 1-(4-ethoxy-3-methoxyphenyl)-3-formy10xy-
1,2-propanediol [formate (26)] (Kawai et a1. 1985a) and 1-(4-
ethoxy-3-methoxyphenyl)-1,2,3-propanetriol-2,3-cyclic carbonate 
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[cyclic carbonate (27)] (Umezawa & Higuchi, 1985) were previously 
prepared. 
1-(4-Ethoxy-3-methoxyphenyl)-3-hydroxypropanone [13-deoxy 
compound (29)] was synthesized from coniferyl alcohol prepared by 
the method of Kamaya et al. (1980) via three reaction steps; (i) 
ethylation of the phenolic hydroxyl group with iodoethane and 
K2C03 in DMF at room temp, (ii) hydrogenation of double bond with 
5% Pd-C under H2 gas at room temp and (iii) oxidation of benzylic 
methylene with DDQ in benzene at room temp. 
IH-NMR (CDCI3) (acetate) 0 1.15 (t, J=7.0 Hz, 3H, -O-C-CH3), 
2.04 (s, 3H, -OAc) , 3.27 (t, J=6.4 Hz, 2H, C2-H2), 3.93 (s, 
3H, -OCH3), 4.18 (q, J=7.0 Hz, 2H, -O-CH2-C), 4.51 (t, J=6.4 
Hz, 2H, C3-H2), 6.89 (d, J=8.3 Hz, 1H, Ph-H5), 7.55 (d, J=1.9 
Hz, 1H, Ph-H2), 7.56 .. (dd, J=8.3, 2.0 Hz, 1H, Ph-H6). 
/ 
Mass spectral data of the authentic compounds are listed in 
Table 2.1. 
Instruments 
NMR spectra were recorded by a Bruker AM-500 FT-NMR spectro-
meter (500 MHz). Chemical shifts and coupling constants are given 
in 0 values (ppm) and Hz, respectively. Mass spectra were taken 





The acetates of the degradation products were directly 
submitted to GC-MS. Figure 2.1 shows the gas chromatogram of 
products and mass chromatograms of base ion peaks of identified 
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TABLE 2.1 
Relative Intensity of the Important Fragment Ion of the 













Mass spectral data m/z (%) 
388 (M'", 5), 328 (9), 265 (15), 180 
(11),179 (100),151 (41),150 (20), 
123 (10) 
328 (W, 29), 180 (13), 179 (100), 177 
(26), 151 (37), 150 (13) 
180 (W, 68), 152 (59), 151 (100) 
368 (M'", 10), 308 (10), 206 (33), 181 
(100) 
368 (M'", 10), 308 (5), 206 (23), 181 
(100) 
266 (W, 25), 206 (40), 179 (64), 151 
(100) 
354 (W, 12), 206 (17), 181 (100) 
310 (W, 12), 181 (100) 
Degradation products of a-syringyl ether (4) 
Compounds Mass spectral data m/z (%) 
Glycerol (24a-Ac)b 368 (M'" , 7) , 308 (7) , 206 (30) , 181 
(100) 
Glycerol (24b-Ac)b 368 (M'" , 10), 308 (4) , 206 (23) , 181 
(100 ) 
a-Deoxy (29-Ac) 266 (W, 18) , 206 (42), 179 (65), 151 
(100) 
Formate (26-Ac) 354 (W, 9), 206 (20), 181 (100) 
Cyclic 310 (W, 13), 181 (100) 
carbonate (27-Ac) 
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TABLE 2.1 (cont'd) 
Degradation products of B-guaiacyl ether (5) 
Compounds Mass spectral data m/z (%) 
(7) 328 (W, 61) , 179 (l00), 177 (30) , 151 
(46) 
Benzaldehyde (43) 180 (W, 58), 152 (51), 151 (100) 
Glycerol (24b-Ac)b 368 (W, 19), 308 (8) , 206 (23) , 181 
(100 ) 
a Direct ionization. (6-Ac) thermally degraded to give a,a-unsaturated 
compound (7). 
b el'ythro and threo forms 
products. The acetate .. deri vati ves of glycerol (24-Ac), formatE' 
.. ~ 
(26-Ac) and cyclic carbonate (27-Ac) were identified. Further-
more, the occurrence of B-deoxy compound (29-Ac) was suggested. 
Then, the acetylated extract was separated by TLC (Kieselgel 60 
F254, Merck; solvent, ethyl acetate/ n-hexane, 1/2, twice). The. 
fraction whose Rf value corresponded to that of the are tate of 
synthetic B-deoxy compound (29-Ac) was analyzed by GC-MS, and B-
deoxy compound (29-Ac) was identified (Fig. 2.2), The data of 
mass spectra and quanti ties of identified degradation products 
are listed in Table 2.1 and 2.2, respectively. 
Trace amounts of glycerol (24-Ac), formate (26-Ac), cyclic 
carbonate (27-Ac) and B-deoxy compound (29-Ac) were detected in 
the acetylated extract of the control experiment by GC-MS analy-
sis. But the amounts were less than 5-15% of those in complete 
one. 
Veratryl alcohol (47) added to the culture as enzyme inducer 
and not removed completely from the enzyme solution was found as 
the acetate (the peak at about 3 min in Fig. 2.1). 
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OAc 

















Retention time (min.) 













Gas chromatogram (total ion chromatogram in Ge-
MS analysis) and mass chromatograms (base ion 
peaks) of acetylated degradation products formed 
from 2-(2,6-dimethoxyphenoxy)-1-(4-ethoxy-3-
methoxyphenyl)-1,3-propanediol (4) by lignin 
peroxidase of C. versicolor. 
Upper, complete system (enzyme/substrate/H2 0 2 ); lower, 
control system (without addition of H202). Before extraction 
of the reaction mixture, the diacetate of 1- (4-hydroxy-3-
methoxyphenyl)-l-propanol (1.5., 3 pg) was added as an 
internal standard. 
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206 ~;6 ¢.-.OCH3 50 










100 200 300 m/z 
Fig. 2.2 Mass spectra of the acetate of 1- (4-ethoxy-3-
methoxyphenyl)-3-hydroxypropanone (29-Ac). 
Upper, authentic compound; lower, degradation product. formed 
from B-syringyl ether (4). 
TABLE 2.2 
Yields of the Degradation Products of a-Syringyl Ether (4) and 






Products (n mol) 
(7) (24-Ac) (26-Ac) (27-Ac) (29-Ac) (43) 
18.8 3.1 7.6 1.1 
1.6 6.4 8.7 
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Degradation of 1-(4-ethoxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-
1,3-propanediol (5) 
The acetates of the degradation products were directly 
submitted to GC-MS. Figure 2.3. shows the gas chromatogram of the 
products, and mass chromatograms of base ion peaks of identified 
products. Benzaldehyde (43) and the triacetate of glycerol (24-
Ac) were identjfied. The diacetate of a-carbonyl dimer (6-Ac) was 
thermally decomposed to release acetic acid in the process of GC-
MS and to form a,a-unsaturated carbonyl compound (7). The data 
of mass spectra and quantities of identified degradation products 
are listed in Table 2.1 and 2.2, respectively. 
Whi Ie, control experiment indicated that no products were 
formed fNlm B-guaiacyl ether (5). 
2.4 DISCUSSION 
Lignin peroxidase of Coriolus versicolor was isolated by 
Dodson et al. (1987) and found to catalyze the oxidation of 
veratryl alcohol (47) to veratraldehyde (46) and Ca-C~ cleavage 
of non-phenolic B-1 lignin substructure model. The enzyme 
property was similar to that of lignin peroxidas(~ of Phanero-
chaete chrysosporillm. However, the oxidation of nonphenolic /3-0-4 
lignin substructure, which is most frequent linkage in lignin, by 
lignin peroxidase of C. versicolor has been poorly understood. 
Hence, the degradation of a-syringyl ether (4) and l3-guaiacyl 
ether (5) by this enzyme was attempted. 
I3-Syringyl ether (4) and H-guaiacyl ether (5) were degraded 
to give many products, such as (6), (24), (26), (27), (29) and 
(43). Possible degradation pathways of (4) and (5) were proposed 
on the basis of the identified products as shown in Fig. 2.4. The 
degradation reactions did not occurs when H202 was not added to 
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~OA' o-JloJ9 
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CHO ACO,.. OAc QOCH3 ~ OCH3 ", IOCH3 '" OCH3 
OC2H5 IS OC2H5 OC2H5 









Control (-H 2 0 2 ) 
,< 
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Retention time (min.) 
Fig. 2.3 Gas chromatogram (total ion chromatogram in Ge-
MS analysis) and mass chromatograms (base ion 
peaks) of acetylated degradation products formed 
from 1-(4-ethoxy-3-methoxyphenyl)-2-(2-methoxy-
phenoxy)-1,3-propanediol (5) by lignin per-
oxidase of C. versicolor. 
Upper, complete system (enzyme/substrate/H202); lower, 
control system (without addition of H202 ). Before extraction 
of the reaction mixture, the diacetate of 1-(4-hydroxy-3-
methoxyphenyl)-l-propanol (I.S., 3 pg) was added ~s an 
internal standard. 
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~O 
~OCH3 
OC2H5(43) I Co-Cp cleavage 
H~O f'il HO O~ A 
B OCH3· 
OCH3 
OC2H5 I Co oxidation 
H~oJQ ~ OCH3 
rylOCH3 
OC2H5 (6) 
H~~OA oJ{U B H~~O O~ 
?: OCH3 -..;;;;...- ~ I OCH03CH3 
",AI OCH3 ~, 
OC2H5 (5) . OC2H5 
A·romatiC\ rmg ~oc~~avage ~O\..O HO H HO Or """ """I '" I OCH3 '" CH3 
OC2H5(26) OC2H5(27) 
Fig. 2.4 Proposed degradation pathways of a-syringyl 
ether (4) and /3-guaiacyl ether (5)· by lignin 
peroxidase of C. versicolor. 
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the reaction mixtures. Therefore, all of the degradation 
reactions could be catalyzed by lignin peroxidase. 
It was demonstrated by use of ESR that lignin peroxidase of 
P. clirysosporillm catalyzed one-electron oxidation of alkoxylated 
aromatic nuclei to form the aryl cation radicals (Kersten et al .• 
1985; Hammel et a1., 1985; Kirk et a1., 1986). Formed cation 
radicals reacted with nucleophiles (e.g. H20 or hydroxyl group of 
the side chain) and radicals (e.g. 02) to give various degrada-
tion products (Hammel et al., 1985; Schoemaker, 1985; Habe et 
al., 1985a; Kirk et al., 1986; Renganathan et al., 1986; Miki et 
aI., 1986a,b; Umezawa and Higuchi, 1986, Kawai et al., 1987a; 
Umezawa & Higuchi, 1987b; Shimada et aI., 1987; Miki et aI., 
1988; Umezawa, 1988). The present experiment demonstrated that 
four types of reacti~ps: (i) Ca-CI3 cleavage, (ii) Co.-oxidation, 
(iii) /3-ether cleavage and (iv) aromatic ring cleavage, wer(, 
mediated by lignin peroxidase of C. "versicolor. These results 
were almost same as found in the degradation of (,3-0-4 ligniIJ 
substructures by intact culture of C. versicolor as described in 
Chapter 1 (Kawai et al. 1985a,b, 1987a). 
It was also evident that higher alkoxylated aromatic rings 
are preferentially attacked by lignin peroxidase of C. versicolor 
as found in the degradation of these substrates by the culture 
(Yokota et al., 1988) and lignin peroxidase (Umezawa & Higuchi, 
1986a,b) of P. chrysosporium. 
B-Deoxy compound (29) was identified for the first time as 
degradation product of these substrates by lignin peroxidase. Two 
possible formation mechanisms of (29) were shown in Fig. 2.5. 
One-electron oxidation of /3-etherated aromatic ring is first 
catalyzed by 1 ignin peroxidase to form the aryl cation radical. 
At the pathway A, benzylic hydrogen is released and the bond 
between CI3 and the etheric oxygen atom is cleaved to form an enol 
intermediate. At the pathway B, Ca hydroxyl group attacks to the 
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Possible mechanisms for the formation of a-deoxy 
compound (29) from a-syringyl ether (4) by 
lignin peroxidase of C. versicolor. 
cation. Then a cyclohpxadienone intermediate is formed via 
several steps and converted to the enol compound. The attack by 
hydroxyl 
reaction 
groups of side chain to a-aryl 
for lignin peroxidase oxidation 
cations was important 
(Umezah'a and Higuchi, 
1985<:, Kirk at a1., 1986; Miki et aL, 1986a,b; Kawai et a1., 
1987a; UmeZ8;':8 and Higuchi, 1987; Miki et a1., 1988). The enol 
I;ompound is spontaneously converted to give a-deoxy compound 
(29). Chen and Chang (1985) proposed the reductive cleavage of 6-
0-4 bond by whi te-rot fungi. The carbon atom at CIl position of 
this compound (29) is reduced, but Ca is oxidized. Earlier 
investigation in Section 1.1 showed that a similar a-deoxy 
derivative, 1-(4-ethoxy-3-methoxyphenyl)-1,3-propanediol [a-deoxy 
diol (28)], was formed as a degradation product of /3-0-4 model, 
B-syringaldehyde ether (1), by the culture of C. versicolor 
(Kawai et al., 1985a). This product could be formed by reduction 
of a-deoxy compound (29) by the culture. Since the present enzym0 
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preparation was crude, involvement of other enzymes for the 
formation of /3-deoxy compound (29) might be possible. /3-Deoxy 
derivatives were identified as degradation products of /3-0-4 
models by Pseudomonas species (Vicuna, 1988) and Mn-dependent 
peroxidase of P. chrysosporium in the presence of Mn2+, H202 and 
a thiol (Gold et al., 1989; Wariishi et al., 1989b). Mn-dependent 
peroxidase was recently found in the culture of C. versicolor 
(Johansson & Nyman, 1987). 
The present investigation indicated that many oxidative 
reactions were catalyzed by lignin peroxidase of C. versicolor. 
In conclusion, lignin peroxidase is one of the most important 
lignin-degrading enzyme of C. versicolor. 
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CHAPTER 3 
DEGRADATION OF PHENOLIC LIGNIN MODEL COMPOUNDS BY LACCASE OF 
CORIOLUS VERSICOLOR 
Laccase is commonly distributed in white-rot fungi and is 
known to cause Bavendamm's reaction. Coriolus versicolor excretes 
a phenol oxidizing enzyme, laccase (Fahraeus & Reinhammer, 1967). 
It has hitherto been shown that laccase catalyzes only 
subtraction of one-electron from phenolic hydroxyl groups to give 
the phenoxy radicals which generally undergo polymerization via 
radical coupling accompanied by partial depolymerization of 
propyl side chains via alkyl-aryl cleavage. In fact, earlier 
reports (Crawford, 1981; Higuchi, 1985; Kirk & Shimada, 1985; 
Evans, 1985; Lundquist & Kristersson, 1985; Morohoshi & 
Haraguchi; 1987; Morohoshi et al., 1987) showed that lignin 
preparations treated with laccase are partly depolymerized but 
mostly polymerized. In spite of considerable efforts by many 
researchers, the inherent role of laccase in lignin biodegrada-
tion has not been elucidated sufficiently. 
The main purpose of this chapter is to elucidate the specif-
ic reactions of lignin by laccase of C. versicolor through the 




3.1 Ca-Ca CLEAVAGE OF PHENOLIC e-l LIGNIN SUBSTRUCTURE MODEL 
3.1.1 INTRODUCTION 
1,2-Diarylpropane-l,3-diol structure (13-1 substructure) is 
one of the major interphenylpropane linkage in lignin, and the 
proportion of 13-1 substructure in lignin is estimated 7-15% 
(Adler, 1977; Sakakibara, 1983). Nonphenolic 13-1 lignin sub-
structure model compounds played an essential role in discovery 
of lignin peroxidase from the culture of Phanerochaete chrysos-
porium (Tien & Kirk, 1983; Glenn et a1., 1983; Tien & Kirk, 1984; 
Kuwahara et a1., 1984; Gold et a1., 1984) and made possible to 
explain the mechanism of the oxidative Ca-Cfl cleavage of nonphe-
nolic lignin substructure models via cation radicals by lignin 
peroxidase and its mimetic system (Hammel et al., 1985; Shoemaker 
et al., 1985; Habe et al., 1985a). Thus, it is conceivable that 
elucidation of the reaction mechanism of laccase for 13-1 lignin 
substructures give information on the role of the laccase in 
lignin biodegradation. 
The present section describes the degradation of 13-1 lignin 
substructure model compounds by laccase of Coriolus versicolor. 
Phenolic substrate, 1,2-bis(4-hydroxy-3,5-dimethoxyphenyl)-1,3-
propanediol [disyringylpropane (17)], was degraded via Ca-Cp 
cleavage of the propyl side chain, but nonphenolic substratp., 
1,2-bis(4-ethoxy-3,5-dimethoxyphenyl)-1,3-propanediol (20), could 
not be oxidized (Kawai et a1., 1987b). 
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3.1.2 MATERIALS AND METHODS 
Laccase preparation 
The electrophoretically homogeneous laccase preparation of 
Coriolus versicolor IFO-30340 was kindly provided by Oji Paper 
Co., Ltd. (Sugiura et a1., 1987). It was stocked at -20°C as a 
50% glycerol soln. Laccase activity was determined spectrophoto-
metrically by measuring the absorption at 525 nm using 
syringaldazine (E =6500 WI 'Cllf l , Aldrich Chemical) (Leono\dcz & 
Grzywnowicz, 1981). The reactimn mixture contained 10 pL of 
laccase, 400 pL of 0.5 roM syringaldazine in ethanol, and 3 mL of 
0.2 M acetate buffer (pH 5.3); as a control the reaction mixture 
containing 10 pL of buffer instead of enzyme was used. 
Enzyme reaction of lignin substructure models 
The flask containing 5 mL of 0.2 M acetate buffer (pH 4.0) 
was previously flushed with 100% oxygen gas for 1 min. The 
reaction was started by addition of substrate (2.5 pmol in 50 pL 
of DMF sol n) and 1 pL of enzyme soln (400-800 nkat) into the 
buffer, and the reaction mixture was shaken at 30 ·C for 15 min. 
In a control experiment, the enzyme was replaced by a boiled 
enzyme (100 ·c, 5 min), the inactivation of which was spectropho-
tometrically confirmed. 
The reaction mixture was extracted with five portions of 
ethyl acetate (total, 25 mL). The combined organic layer was 
washed with saturated NaCI Soln, dried over anhyd NazS04, and 
evaporated under a reduced pressure. The residual DMF was removed 
under a high vacuum. The extract was acetylated with acetic anhy-
dride and pyridine (1/1, v/v) in ethyl acetate for 15 h at room 
temp. 
The acetylated products were analyzed directly by GC-MS 
[column, 1.5% OV-17 on Chromosorb W AW-DMCS (Shinwa Kakou), glass 
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column 1 m x 2.6 mm (i.d.), column temp, 180-220 °c, 5 "C/min; 
and Shimadzu capillary column Hicap CBP1-W12-100 (methyl sili-
cone), 12 m x 0.53 mm (Ld.), column temp, 130-220 °c, 5 "C/min]. 
Identification of degradation products were performed by 
comparison of the mass spectra and the retention times with those 
of the authentic compounds. 
Syntheses of substrates and authentic compounds 
erythro-1,2-Bis(4-hydroxy-3,5-dimethoxyphenyl)-1,3-propane-
diol [disyringylpropane (17)] was prepared by the method of Namba 
(1981; see Nakatsubo, 1988). 
IH NMR (CDC13) (acetate) 0 2.00 (s, 3H, alcoholic-OAc), 2.01 
(s, 3H, alcoholic-OAc), 2.31 (s, 3H, Ph-OAc), 2.32 (s, 3H, 
Ph-Ac) , 3.25-3.45 (m, 1H, C2-H), 3.73 (s, 6H, -OCH3), 3.75 
(s, 6H, -OCH3), 4.20 l (dd, J=7.1, 12 Hz, 1H, C3-H), 4.42 (dd, 
J=7.1, 11 Hz, 1H, C3-H), 6.06 (d, J=6.2, 1H, C1-H), 6.33 (s, 
2H, Ph-H), 6.35 (s, 2H, Ph-H). 
erythro-1,2-Bis(4-ethoxy-3,5-dimethoxyphenyl)-1,3-propane-
diol (20) was prepared from disyringylpropane (17) by ethylation 
with iodoethane and K2C03 in DMF at room temp. 
IH NMR (CDC13) (acetate) 0 1.34 (t, J=7.1 Hz, -O-C-CH3), 1.35 
(t, J=7. 1 Hz, -O-C-CH3), 1. 97 (s, 3H, -OAc) , 1. 98 (s, 3H, -
OAc), 3.26-3.38 (m, 1H, C2-H), 3.77 (s, 6H, -OCH3), 3.78 (s, 
6H, -OCH3), 4.01 (q, J=7.1 Hz, 2H, -O-CH2-), 4.03 (q, J=7.1 
Hz, 2H, -O-CH2-), 4.14 (dd, J=6.7, 11 Hz, 1H, C3-H), 4.33 
(dd, J=6.7, 11 Hz, 1H, C3-H), 6.03 (d, J=7.0 Hz, 1H, C1-H), 
6.35 (s, 2H, Ph-H), 6.38 (s, 2H, Ph-H). 
Diacetate of 1- (4-hydroxy-3, 5-dimethoxyphenyl)-2-hydroxy-
ethanone [syringylethanone (40-Ac)] was prepared from a-bromo-4'-
acetoxy-3',5'-dimethoxyacetophenone (Kamaya & Higuchi, 1984a), by 
treatment with sodium acetate in DMF at room temp. 
1 H NMR (CDC13) 0 2.24 (s, 3H, alcoholic-OAc), 2,36 (s, 3H, 
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Ph-OAc), 3.88 (s, 6H, -OCH3), 5.31 (s, 2H, C2-H2), 7.16 (s, 
2H, Ph-H). 
MS Table 3.1. 
Triacetate of 1- (4-hydroxy-3, 5-dimethoxyphenyl)-1, 2-ethane-
diol [syringylglycol (39-Ac)] was prepared from the acetate of 
syringylethanone (40-Ac) by reduction with NaBH4 in methanol at 0 
·C and acetylation with acetic anhydride and pyridine (l/l,v/v) 
in ethyl acetate at room temp. 
IH NMR (CDC13) () 2.07 (s, 3H, alcoholic-OAc), 2.13 (s, 3H, 
alcoholic-Ac), 3.83 (s, 6H, -OCH3), 4.26 (dd, J=7.6, 12 Hz, 
IH, C2-H), 4.34 (dd, J=4.5, 12 Hz, IH, C2-H), 5.98 (dd, 
J=4.5, 7.6 Hz, IH, CI-H), 6.60 (s, 2H, Ph-H). 
MS Table 3.1. 
1-(4-Ethoxy-3,5-dimethoxyphenyl)-1,2-ethanediol [phenyl-
glycol (41)J was prepared from the acetate of syringylethanone 
(40-Ac) via following three steps: (i) sodium methylate (28% in 
methanol) in methanol/CH2Cl2 (1/4) at 0 ·C, (ii) bromoethane/ 
K2C03 in DMF at room temp, (iii) NaBH4 in methanol at 0 ·C. 
IH NMR (CDCl3) (acetate) () 1.35 (t, J=7.0 Hz, -0-C-CH3), 2.07 
(s, 3H, -OAc) , 2.13 (s, 3H, -OAc), 3.85 (s, 6H, -OCH3), 4.03 
(q, ,J=6.9 Hz, 2H, -0-CH2-), 4.28 (d, J=7.0 Hz, IH, C2-H), 
4.29 (d, J=5.1 Hz, IH, C2-H), 5.94 (dd, J=6.8, 5.1 Hz, IH, 
C1-H). 6.56 (s, 2H, Ph-H). 
MS Table 3. 1. 
The acetate of 1-(4-ethoxy-3,5-dimethoxyphenyl)-2-hydroxy-
ethanone [phenylethanone (42-Ac)] was prepared from aceto-
syringone (4'-hydroxy-3',5'-dimethoxyacetophenone, Aldrich 
Chemical) via the following three steps: (i) iodoethane/K2C03 in 
DMF at room temp, (i i) CuBr2 in refluxing ethyl acetate, (i ii) 
sodium acetate in DMF at room temp. 
IH NMR (CDCl3) () 1.37 (t, J=7.1 Hz, 3H, -0-C-CH3), 2.24 (s, 
3H, -OAc) , 3.90 (s, 6H, -OCH3), 4.14 (q, J=7.1 Hz, 2H, -0-
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CH2-), 5.31 (8, 2H, C2-H2), 7.1.1) (s, 2H, Ph-H). 
MS Table 3.1. 
4-Ethoxy-3,5-dlmethoxybenzaldehyde LbenzaldehYde (54)J was 
prepared from syringaldehyde (51) (Tokyo Chemical Industry) b.V 
ethylation with bromoethane and K2C03 in DMF at room temp. 
(51-Ac): MS Table 3.1. 
(54): MS Table 3.1. 
2,6-Dimethoxy-p-benzoquinone [benzoquinone (58)] was pre-
pared from pyrogallol (1,2,3-trihydroxybenzene, Nakarai Chemi-
cals) by the method of Baker (1941). 
IH NMR (CDCL3) 6 3.82 (s, 6H, -OCH3), 5.85 (s, 2H, >C=CH-CO-
) . 
MS Table 3.1. 
2,6-Dimethoxy-p-hydroquinone [hydroquinone (57)] was pre-
pared from benzoquinon~ (58) by reduction with NaBH4 in methanol 
at O°C. 
IH NMR (CDC13) (acetate) 6 2.29 (s, 3H, -OAc) , 2.33 (s, 3H, -
OAe), 3.79 Is, 6H, -OCH3), 6.38 (s, 2H, Ph-H). 
MS Table 3.1. 
Instruments 
Enzyme acti vi ty was measured using a Hitachi Model 200-20 
double-beam spectrophotometer. NMR spectra were recorded by a 
Varian XL-200 FT-NMR spectrometer (200 MHz) with (CH3)4Si as an 
internal standard. Chemical shifts and coupling constants are 
given in 6 values (ppm) and Hz, respectively. Mass spectra were 
taken with a Shimadzu GCMS-QP 1000 gas chromatograph-mass spec-
trometer (EI, 70 eV). 
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TABLE 3.1 
















Mass spectral data m/z (%) 
341 (0.2), 340 (W, 1.2), 298 (17),239 
(8), 238 (46), 197 (14), 196 (100), 
184 (7.),183 (65),181 (9),180 (7), 
167 (13),155 (9),123 (9) 
296 (W, 0.3), 254 (28), 182 (17), 181 
(100), 153 (11) 
327 (7), 326 (W, 42), 267 (13), 266 
(62), 237 (21), 225 (14), 224 (82), 
212 (12), 211 (100), 197 (18), 196 
(69), 195 (45), 183 (51), 182 (17), 
181(18), 180 (11), 167 (25), 155 
(20), 123 (26) 
283 (3), 282(W, 20), 210 (12), 209 
(96), 182 (10), 181 (100), 153 (14), 
123 (6) 
225 (0.2), 224 (W, 1.6), 183 (10),182 
(100), 181 (40), 167 (8) 
211 (6.7), 210 (W, 55), 183 (10), 182 
(100), 181 (83), 167 (17), 153 (6), 
139 (9), 135 (6), 125 (9), 111 (8), 
110 (9) 
255 (0.2), 254 (W, 1.2), 212 (19), 171 
(9), 170 (100), 155 (21) 
169 (8.6), 168 (W, 100), 153 (7), 140 
(24), 138 (37), 137 (10), 125 (32), 
112 (24), 110 (10) 
a Column, Shimadzu capillary column Hicap CBPI-W12-100 (methyl silicone). 
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3.1. 3 RESULTS 
Degradation of 1, 2-bis(4-hydroxy-3, 5-dimethoxyphenyl)-1, 3-pro-
panediol (17) 
The acetate of degradation products were submitted directly 
to GC-MS. The triacetate of syringylglycol (39-Ac), diacetate of 
syringylethanone (40-Ac), the acetate of syringaldehyde (51-Ac), 
and benzoquinone (58) werp identified as shown in Fig. 3.1. The 
mass spectra and retention times of these products were identical 
with those of the authentic compounds. 
The extracts of control experiment gave negligible amounts 
of syringylglycol (39-Ac) and syringaldehyde (51-Ac). However, GC 
analysis using diacetate of 3-(4-hydroxy-3-methoxyphenyl)-I-
propanol as an internal standard showed that the amounts of 
syringylglycol (39-AcY and syringaldehyde (51-Ac) produces 




The acetates of incubated products were analyzed by GC-MS. 
However, benzaldehyde (54) and phenylglycol (41-Ac), which would 
be ,:xpecied whell Ca-Cn cleavage of nonphenolic substrate (20) 
occurred, were not detected in the extracts. The results con-
firmed that laccase can not oxidize the nonphenolic /3-1 sub-
structure model compounds. 
Degradation of syringaldehyde (51) 
The acetate of del!radation products were submitted to GC-MS, 
and benzoquinone (58) and hydroquinone (57) were identified as 
degradation products. Other products were observed by GC-MS and 
TLC, but the structures were not determined. 
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Gas chromatogram (total ion chromatogram in GC-
MS analysis) of the degradation products formed 
from disyringylpropane (17) by laccase of C. 
versicolor. 
Before extraction of the reaction mixture, 100 PH (0.38 
pmol) of the diacetate of 3-(4-hydroxy-3-methoxyphenyl )-1-
propano 1 was added as an internal standard (I. S. ) . 
Column, 1.5% OV-17, 1 m x 2.6 mm (i.d.), column temp, 180-
220 'c, 5 "CImino 
3.1.4 DISCUSSION 
It is known that the initial step in the catalytic mechanism 
of laccase involves one-electron donation to specific Cu2 + si te 
with the formation of free radical products of organic substances 
(Reinhammer & Malmstrom, 1981). Actually, Nakamura (1960) demon-
strated by use of ESR the oxidative formation of ~benzosemiqui­
none from ~hydroquinone by laccase. 
In the present investigation, the phenolic a-1 lignin sub-
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structure model compound (17) was found to be degraded by laccase 
of C. versicolor. However, nonphenolic a-I substrate (20) could 
not be degraded as expected. 
Disyringylpropane (17) was degraded to give syringylglycol 
(39), syringylethanone (40), syringaldehyde (51) and benzoquinone 
(58). The structures of the degradation products indicated that 
disyringylpropane (17) was cleaved between Ca and C/3 via phenoxy 
radicals of (17) by the degradation mechanisms shown in Fig. 
3.2. The phenoxy radicals, which could be formed from both 
phenolic hydroxyl groups (A or B-ring), give rise to the Ca-Cn 
cleavage to form syringylglycol (39) and syringaldehyde (51). 
It is presumed that syringylglycol (39) and syringaldehyde 
(51) were oxidized further to give syringylethanone (40) and 
benzoquinone (58), respectively. 
Benzoquinone (58)~identified in this experiment may not be 






Proposed degradation pathways of disyringyl-
propane (17) by laccase C. versicolor. 
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because, (i) the expected counterpart compound in the alkyl-aryl 
cleavage, 2-(4-hydroxy-3,5-dimethoxyphenyl)-3-hydroxypropanal, 
was not detected by GC-MS, (ii) when the degradation of (17) was 
performed with laccase of low activity « 10 nkat) , syringyl-
glycol (39) and syringaldehyde (51) were detected but benzoqui-
none (58) could not be detected by GC-MS, and (iii) the benzoqui-
none (58) was formed as the degradation products of syringalde-
hyde (51) by laccase of C. versicolor. 
en oxidation and cleavage of the alkyl-aryl bond were found 
as degradation pathways of phenoiic lignin substructure models by 
laccase (see Higuchi, 1985b; Kirk & Shimada, 1985). However, the 
present investigation showed for the first time that the laccase 
catalyzed not only alkyl-aryl cleavage but also Cn-C~ cleavage. 
Detailed degradation mechanisms for phenolic ~-1 lignin 




3.2 DEGRADATION MECHANISMS OF PHENOLIC a-I LIGNIN SUBSTRUCTURE 
MODELS 
3.2.1 INTRODUCTION 
To elucidate the degradation mechanisms by laccase of 
Coriolus versicolor, previous section reported the degrndation of 
a phenolic fj-l lignin substructure model compound, 1,2-bis(4-
hydroxy-3,5-dimethoxyphenyl)-1,3-propanediol ldisyringylpropanf' 
(17)] by laccase, and it was found for the first time that the 
cleavage between Ca and Ce of the propyl side chain of di-
syringylpropane (17) was caused by laccase (Kawai et aI., 198/b). 
These results showed that laccase catalyzed not only alkyl-aryl 
cleavage via disproportionation of phenoxy radicals and Ca 
oxidation, as previously found (Kirk et al., 1968b), but also Ca-
Ca cleavage. 
This section describes further investigation on the degrada~ 
tion of new phenolic fj-l lignin substructure model compounds that 
have one phenolic hydroxyl group, 2-(4-ethoxy-3,5-dimethoxy-
phenyl)-I-(4-hydroxy-3,5-dimethoxyphenyl)-1,3-propanediol (18) 
and 1-(4-ethoxy-3,5-dimethoxyphenyl)-2-(4-hydroxy-3,5-dimethoxy-
phenyl)-1,3-propanediol (19), by laccase of C. versicolor. 
Substrate (18) was degraded via Ca-C[3 cleavage, alkyl-aryl 
cleavage and ea oxidation to give products (22), (32), (42), 
(51), (57) and (58). On the other hand, substrate (19) was 
degraded via Ca-Cf;J cleavage to give the products (39), (40) and 
(54) • 
On the basis of isotopic experiments with 18 02 and H2 18 0. 
the detailed reaction mechanisms for the degradation of phenolic 
fj-l lignin substructure model compounds by laccase are discussed 
(Kawai et al., 1988a). 
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3.2.2 MATERIALS AND METHODS 
Laccase preparation 
A purified homogeneous laccase preparation of Coriolus 
versicolor IFO-30340 was kindly provided by Oji Paper Co., Ltd. 
(Sugiura et al., 1987). It was stored at -20 ·C as a 50% glycerol 
solution. The enzyme activity was determined spectrophotometri-
cally by measuring the absorption at 525 nm using syringaldazine 
(Aldrich Chemical) as described in Section 3.1 (Leonowicz & 
Grzywnowicz, 1981). 
Enzymic reaction of 8-1 lignin substructure models 
The flask containing 5 mL of 0.2 M acetate buffer (pH 4.0) 
was previously flushed with 100% oxygen gas for 1 min. The 
reaction was started by addition of substrate (2.5 pmol in 50 pL 
of DMF soln) and 1 pL of enzyme soln (400-800 nkat) into the 
buffer, and the reaction mixture was shaken at 30°C for 15 min. 
In a control experiment, the enzyme was replaced by a boiled 
enzyme (100°C, 5 min), the inactivation of which was spectropho-
tometrically confirmed. 
The reaction mixture was extracted with five portions of 
ethyl acetate (total, 25 mL). The combined organic layer was 
washed with saturated NaCI soln, dried over anhyd Na2S04, and 
evaporated under reduced pressure. Then residual DMF was removed 
under high vacuum. The extract was acetylated with acetic anhy-
dride and pyridine (1/1, v/v) in ethyl acetate for 15 h at room 
temp. 
The acetylated products were analyzed by GC-MS directly or 
after TLC separation [column, 1.5% OV-17 on Chromosorb W AW-DMCS 
(Shinwa Kakou): glass column 1 m x 2.6 mm (i.d.), column temp, 
180-220 °c, 5°C/min; and Shimadzu capillary column Hicap CBP1-
W12-100 (methyl silicone), 12 m x 0.53 mm (Ld.), column temp, 
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130-220 °c, 5°C/min]. 
Identification of degradation products was performed by 
comparison of the spectra and retention times with those of the 
authentic compounds or by IH NMR and mass spectra analysis after 
separation by TLC (Kieselgel 60 F254, Merck). 
Isotopic experiments 
Incorpora.tion of 18 0 from 18 02 
The flask containing 1 mL of 0.2 M acetate buffer and 1 pL 
of enzyme soln (100-200 nkat) were evacuated and then filled with 
argon gas, and this procedure was repeated five times. Finally, 
1B02 gas (lB O: 99%, Amersham, or 98.58%, CEA) was introduced into 
the evacuated flask. The reaction was then started by the addi-
l' 
tion of 0.25 pmol of substrates (2 pL of DMFsoln), and the 
reaction mixture was shaken at 30°C for the desired time. The 
reaction was terminated by extraction with ethyl acetate (10 mL). 
The ethyl acetate layer was dried over anhyd Na2S04 and evapo-
rated. 
The degradation products were trifluoroacetylated with tri-
fluoroacetic anhydride for 10 min at room temp, or acetylated 
with acetic anhydride and pyridine (1/1, v/v) in ethyl acetate 
for 10 h at room temp. Then acylated products were immediately 
analyzed by GC-MS. 
Incorpora.tion of 18 0 from Hz18 0 
The flask containing 100 pL of H2 1B O (lB 0: 98%, CEA), 100 pL 
of 0.2 M acetate buffer (pH 4.0), and 1 pL of the enzyme 
soln (30 nkat) was flushed with 16 02 gas for 1 min. The reaction 
was started by addition of 0.1 pmol of substrates (2 pL of DMF 
soln), and the reaction mixture was incubated at 30°c for 15 
min. The reaction mixture was then extracted with ethyl acetate, 
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and the ethyl acetate layer was dried over anhyd NazS04 and 
evaporated. Half of the extracts was reincubated for 15 min at 30 
"C in 100 pL of acetate buffer under air. The extracts were 
acetylated with acetic anhydride and pyridine (1/1, v/v) in ethyl 
acetate for 10 h at room temp and submitted to GC-MS immediately. 
Syntheses of substrates and authentic compounds 
Substrates, the mixtures of erythro and threo of 2-(4-
ethoxy-3,5-dimethoxyphenyl)-1-(4-hydroxy-3,5-dimethoxyphenyl)-
1,3-propanediol (18) and 1-(4-e'thoxy-3,5-dimethoxyphenyl)-2-(4-
hydroxy-:3, 5-dimethoxypheny I) -1, 3-propanediol (19), were synthe-
sized by the method of Namba (1981; see Nakatsubo, 1988). 
(18): IH NMR (CDC13) (3 (erythro), 1.35 (t, J=7.1 Hz, 3H, -0-
C-CH3), 1.98 (s, 6H, alcoholic-OAc), 2.31 (s, 3H, Ph-OAc), 
3.24-3.44 (m, 1H, C2-H), 3.73 (s, 6H, -OCH3), 3.78 (s, 6H, -
OCH3) , 4.02 (q, J=7.1 Hz, 2H, -0-CH2-), 4.16 (dd, J=l1, 6.5 
Hz, IH, C3-H), about 4.38 (lH, C3-H), 6.06 (d, J=6.7 Hz, IH, 
C1-H), 6.33 (s, 2H, Ph-H), 6.39 (s, 2H, Ph-H); (threo), 1.32 
(t, J=7.0 Hz, 3H, -0-C-CH3), 2.05 (s, 3H, alcoholic-OAc), 
2.14 (s, 3H, alcoholic-OAc), 2.29 (s, 3H, Ph-OAc), 3.24-3.44 
(m, IH, C2-H), 3.67 (s, 6H, -OCH3), 3.72 (s, 6H, -OCH3), 3.98 
(q, J=7.1 Hz, 2H, -0-CH2-), about 4.38 (lH, C3-H), 4.52 (dd, 
J=l1, 7.1 Hz, 1H, C3-H), 5:90 (d, J=8.2 Hz, 1H, C1-H), 6.17 
(s, 2H, Ph-H), 6.26 (s, 2H, Ph-H). 
(19): IH NMR (CDCLl) (3 (erythro) , 1.34 (t, J=7.0 Hz, -O-C-
CH3), 1.99 (s, 6H, alcoholic-OAc), 2.32 (s, 3H, Ph-OAe), 
3.29-3.44 (m, 1H, C2-H), 3.75 (s, 6H, -OCH3), 3.77 (s, 6H, -
OCH3), 4.00 (q, J=7.1 Hz, 2H, -0-CH2-), 4.16 (dd, J=l1, 6.7 
Hz, 1H, C3-H), about 4.35 (lH, C3-H), 6.03 (d, J=6.8 Hz, IH, 
C1-H), 6.35 (s, 2H, Ph-H), 6.36 (s, 2H, Ph-H); (threo), 1.31 
(t, J=7.0 Hz, -0-C-CH3), 2.05 (s, 3H, alcoholie-OAe), 2.14 
(s, 3H, alcoholic-OAc), 2.30 (s, 3H, Ph-OAc), 3.29-3.44 (m, 
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1H, C2-H), 3.67 (s, 6H, -OCH3), 3.71 (s, 6H, -OCH3), 3.97 (q, 
J=7.1 Hz, 2H, -0-CH2-), about 4.37 (lH, C3-H), 4.52 (dd, 
J= 11, 7. 2 Hz, HI, C 3 - H ), 5 . 89 ( d , J= 8 . 1 Hz, 1 H , Cl-H ), 6. 18 
(s, 2H, Ph-H), 6.22 (s, 2H, Ph-H). 
1- (-1 -Ethoxy-:3, 5-dimethoxyphenyl) -2-hydroxyethanone L pheny}-
ethanone (42)] was prepared from acetosyringone (Aldrich Chemi-
cal) via the following fout, steps: (i) iodoethane/K2CO:3 in DMF at 
room temp, (ii) CuBr2 in refluxing ethyl acetate, (iii) sodium 
formate in DMF at room temp, (i v) saturated sodium bicarbonate 
soln in methanol/CHzCl2 (1/4, v/v) at room temp. 
IH NMR: (42-Ac), see Section 3.1. 
MS: Table 3.2 [the acetyl derivative (42-Ac) and the 
trifluoroacetyl derivative (42-TFA»). 
The other compounds, 1- (4-hydroxy-3, 5-dimethoxypheny 1) -] ,2-
ethanediol [syringylg'lycol (39)], 1-(4-hydroxy-3,5-dimethoxy-
phenyl) -2-hydroxyethanone [syringy lethanone (40)], 4-ethoxy-3, 5-
dimethoxybenzaldehyde [benzaldehyde (54)], 2,6-dimethoxy-p-hydro-
quinone [hydroquinone (57)] and 2,6-dimethoxy-p-benzoquinone 
(benzoquinone (58)1, were prepared as described in Section 3.]. 
Syr ingaldehyde (51) was commercially avai lable (Tokyo Chemical 
rndustry). The mass spectral data of these compounds are listed 
in Table 3.2. 
Instruments 
Enzyme activity was measured using a Hitachi Model 200-20 
double-beam spectrophotometer. NMR spectra was recorded by a 
Varian XL-200 FT-NMR spectrometer (200 MHz) with (CH3)4Si as an 
internal standard. Chemical shifts and coupling constants are 
given in 6 values (ppm) and Hz, respectively. Mass spectra were 
taken by a Shimadzu GCMS-QP 1000 gas chromatograph-mass spectro-
meter [EI (70 eV) and CI mode]. 
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TABLE 3.2 


















Mass spectral data m/z (%) 
341 (0.2), 340 (W, 1.2),298 (17), 239 
(8), 238 (46), 197 (14), 196 (l00) , 
184 (7),183 (65),181 (9), 180 (7), 
167 (13), 155 (9), 123 (9) 
296 (W,.0.3), 254 (28),182 (17),181 
(l00) , 153 (11) 
298 (15), 297 (MW, 100),256 (11), 255 
(82), 254 (22), 240 (12), 239 (93), 
198 (12), 197 (91), 196 (21), 181 
(20) 
283 (3), 282(W, 20), 210 (12), 209 
(96), 182 (10), 181 (100), 153 (14), 
123 (6) 
337 (3),336 (W, 21), 209 (24), 182 
(10), 181 (100), 153 (9) 
225 (0.2), 224 (W, 1.6), 183 (l0), 182 
(l00) , 181 (40), 167 (8) 
211 (6.7), 210 (W, 55), 183 (10), 182 
(100), 181 (83), 167 (17), 153 (6), 
139 (9), 135 (6), 125 (9), 111 (8), 
110 (9) 
255 (0.2), 254 (W, 1.2), 212 (19), 171 
(9), 170 (100), 155 (21) 
169 (8.6), 168 (W, 100), 153 (7), 140 
(24), 138 (37), 137 (10), 125 (32), 
112 (24), 110 (10) 
a Column, Shimadzu capillary column Hicap CBPI-W12-100 (methyl silicone). 
b Chemical ionization mode; reagent gas, 2-methylpropane. 
c Trifluoroacetyl derivative. 
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The acetates of degradation products were directly submitted 
to GC-MS. Figure 3.3 shows the gas chromatogram of the degrada-
tion products. Benzoquinone (58), the diacetate of hydroquinone 
(57-Ac) and the acetate of phenylethanone (42-Ac) were identi-
fied. The acetate of syringaldehyde (51-Ac) was also identified 
by GC-MS after separation by TLC (sol vent, CHzClz). The mass 
spectra and retention times of these products were identical with 
those of the authentic compounds. The diacetate of 2- ( 4-e thoxy-
3,5-dimethoxyphenyl)-1-(4-hydroxy-3,5-dimethoxyphenyl)-3-hydroxy-
propanone [diphenylpropanone (22-Ac)] was confirmed in the 
reaction mixture by GC,..MS. Then the acetylated extracts were 
separated by TLC (solvent, ethyl acetateln-hexane, 1/2, twice), 
and the diacetate of diphenylpropanone (22-Ac) was identified by 
IH NMR and Dr-MS. 
IH NMR (acetone-ds) 0 1.22 (t, J=7.0 Hz, -O-C-CH3), 1.93 (s, 
3H, alcoholic-OAc), 2.24 (s, 3H, Ph-OAc), 3.79 (s, 6H, 
OCH3) , 3,85 (s, 6H, -OCH3), about 3.90 (2H, -O-CHz-), 4.27 
(dd, J=l1, 5.5 Hz, IH, C3-H), 4.73 (dd, J=l1, 8.5 Hz, 1H, C3-
H), 5.10 (dd, J=8.8, 5.6 Hz, IH, C2-H), 6.75 (s, 2H, Ph-H), 
7.42 (s, 2H, Ph-H). 
MS m/z 490 (W). 
Furthermore, the occurrence of the 2-(4-ethoxy-3,5-di-
methoxyphenyl)-3-hydroxypropanal [phenylpropanal (32)] in the 
reaction mixture was suggested by GC-MS. However, the mass 
spectra indicated that the acetate derivatives of phenylpropanal 
(32-Ac) and diphenylpropanone (22-Ac), which have B-acetoxy 
ketone, release acetic acid thermally in the process of GC-MS to 
give a,B-unsaturated carbonyl compounds, (33) and (23), respec-
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Gas chromatogram (total ion chromatogram in Ge-
MS analysis) of the degradation products formed 
from 2-(4-ethoxy-3,5-dimethoxyphenyl)-1-(4-
hydroxy-3,5-dimethoxyphenyl)-1,3-propanediol 
(18) by laccase of C. versicolor. 
Before extraction of the reaction mixture, 100 llg (0.38 
llmol) of the diacetate of 3-(4-hydroxy-3-methoxyphenyl)-l-
propanol (1.5.) was added as an internal standard. The 
acetate of syringaldehyde (Sl-Ac) was also detected by Ge-
MS after separation by TLC. 
Column, Shimadzu capillary column Hicap CBPI-Wl2-l00 
(methyl silicone), 12 m x 0.53 mm (i.d.); column temp, 130-
220 "C, 5 °C/min. 
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tivdy (Fig. 3.3). 
Then phenyJpropana] (32) was separated from the degradation 
products without acetylation by TLC (solvent, methanol/CH2C12, 
1/99, twice), and the occurrence and the structure were confirmed 
by IH NMR and DI-MS. 
IH NMR (CDCb) {5 1.36 (t, J=7.1 Hz, 3H, -O-C-CH3), 3.76 (del. 
J=6, 8 Hz, 2H, C3-H), 3.84 (s, 6H, -OCH3), abouU. 9 (m, HI, 
C2-H), 4.00 (q, J=7.1 Hz, 2H, -O-CH2-), 4.19 (dd, J=J1, 8 Hz, 
1H, C3-H), 6.38 (s, 2H, Ph-H), 9.775 (d, J=0.8 Hz, lH, Cl-
HO) . 
MS m/ z ( %) 255 (5), 254 (W, 28 ), 236 (15), 225 (42), 224 
(38), 195 (39), 180 (2:3), 179 (29), 167 (l00), 165 (25), 151 
(21), 137 (39), 109 (25), 107 (20). 
Phenylpropanal (32) separated was reduced by NaBH. and then 
acety lated to give the 'diacetate of 2- (4-ethoxy-3, 5-dimethoxy-
phenyl)-1,3-propanediol (34-Ac) which was purified by TLC 
(solvent, ethyl acetate/n-hexane, 1/3) and identified by IH NMR 
and GC-MS. 
IH NMR (CDCb) {5 1.:35 (t, J=7.1 Hz, 3H, -O-C-CH3), 2.05 (s, 
3H, -OAc), 3.24 (quintet, J=6.7 Hz, IH, C2-H), 3.83 (s, 6H, -
OCH3), 4.03 (q,J=7.1 Hz, 2H, -O-CHz-), 4.30 (d, J=6.8 Hz, 2H, 
C1 or C3-H), 4.31 (d, J=6.6 Hz, 2H, C1 or C3-H), 6.43 (s, 2H, 
Ph-H) . 
MS (1.5% OV-17), m/z (%) 341 (5), 340 (W, 25), 281 07}, 280 
(100),253 (10),252 (67), 251 (87), 210 (24),209 (1:3),182 
(10), 181 (11), 180 (17), 179 (23), 177 (17), 167 (14), 165 
(10), 149 (ll), 137 (12), 121 (11). 
These degradation products were not detected in the reaction 
mixtures of control experiment by GC-MS. 
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Incorporation of 18 0 from 18 02 in the degradation of substrate 
(18) 
The reaction was terminated after 1 h by extraction of the 
reaction mixture with ethyl acetate. An aliquot of the extract 
was trifluoroacetylated and analyzed by GC-MS. The mass spectrum 
showed that 69% of the 18 0 was incorporated into the Cl position 
of phenylethanone (42) (Fig. 3.4 ). Alternatively the extracts 
were acetylated and the acetate of the extracts were analyzed by 
GC-MS. The results showed that 54% of the 18 0 was incorporated 











Molecular ion region of trifluoroacetate of 1-
(4-ethoxy-3,5-dimethoxyphenyl)-2-hydroxyethanone 
(42-TFA) • 
(A) authentic compound; (B) degradation product from 
substrate (18) under 1802 (180 : 99%). 
Incorporation of 18 0 from Hz1 8 0 in the degradation of substrate 
(18) 
The acetates of the degradation products and reincubated 
products were submitted to GC-MS. Table 3.3 shows the data of 
mass spectra of degradation products. Incorporation of 18 0 from 
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H2 18 0 (18 0: 49%) to hydroquinone (57-Ac) and benzoquinone (58) 
was confirmed by their mass spectra. However, a part of the 
oxygen of hydroquinone (57) was found to be exchanged with the 
oxygen of water during incubation. It was found consequently that 
two atoms of 18 0 were incorporated into a part of hydroquinone 
(57-Ac). One atom of 18 0 was exchanged almost completely with 16 0 
of H2 16 0 during the reincubation, while another atom of 18 0 was 
not exchanged with water. These results suggested that only one 
molecule of water is incorporated relative to hydroquinone (57) 
formation during degradation of diphenylpropane (18) by laccase. 
TABLE 3.3 
The Relative Intensity of Molecular Ion Regions of the 
































a Column, Shimadzu capillary column Hicap CBP1-W12-100 (methyl silicone). 
b The reaction mixture containing 100 llL of H2 18 0 (18 0 : 99%), 100 llL of 
0.4 M acetate buffer (pH 4.0), 1 ~L of enzyme, and 0.1 ~ol of substrates 
was incubated at 30°C for 15 min. 
c The half of the extracts formed in HZ18 0 was reincubated for 15 min at 30 
'c in 100 llL of 0.2 M acetate buffer. 
d Percentage incorporation of 18 0 =100 x (18 0 content of the products)/[ 180 
content in 11/80 of the medium (49%)]. 
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Degradation of 1-(4-ethoxy-3,5-dimethoxyphenyl)-2-(4-hydroxy-3,5-
dimethoxyphenyl)-1,3-propanediol (19) 
The acetate of degradation products were directly submitted 
to GC-MS. Figure 3.5 shows the gas chromatogram of the degrada-
tion products. Benzaldehyde (54), the diacetate of syringyl-
ethanone (40-Ac) and the triacetate of syringylglycol (39-Ac) 







o --./'-OAc AC~OAC v0 ~ 
CH30~OCH3CH30 ~I OCH3 













Gas chromatogram (total ion chromatogram in GC-
MS analysis) of the degradation products formed 
from 1-(4-ethoxy-3,5-dimethoxyphenyl)-2-(4-hy-
droxy-3,5-dimethoxyphenyl)-1,3-propanediol (19) 
by laccase of C. versicolor. 
Experimental procedures were the same as in Fig. 3.3. 
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products were identical with those of the authentic compounds. 
Small amounts of benzaldehyde (54) and syringylglycol (39-
Ac) were detected by GC-MS in the extracts of the control 
experiment. However, the amount of syringylglycol (39-Ac) and 
benzaldehyde (54) formed in the control experiment were negligi-
ble (less than 5% of those formed by enzymatic degradation) by 
GC-MS analysis using the diacetate of 3-(4-ethoxy-3,5-dimethoxy-
phenyl)-l-propanol as an internal standard. 
Incorporation of 18 0 from 18 02 in the degradation of substrate 
(19) 
The reac tion was terminated by extraction of the reaction 
mixture with ethyl acetate. The extracts were acetylated and they 
were submitted to GC-MS. However, the mass spectrum showed no 
incorporation of 18 0 into the degradation products. 
Incorporation of 18 0 from Hz18 0 in the degradation of substrate 
(19) 
The acetates of the degradation products and reincubated 
products were submitted to GC-MS. As shown in Table 3.4, 18 0 from 
H2 1B O (1B 0: 49%) was incorporated to syringylglycol (39-Ac) and 
syringylethanone (40-Ac). 1BO of syringylglycol (39) but not 
syringylethanone (40) was exchangeable with 16 0 of water or 
acetic acid during reincubation or the acetylation. 
3.2.4 DISCUSSION 
As demonstrated in Section 3.1 , the Ca-CIl cleavage of a 
phenolic /3-1 lignin substructure model, disyringylpropane (17), 
was mediated by laccase of Coriolus versicolor. On the other 
hand, a nonphenolic /3-1 substructure model (20), was not oxidized 
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TABLE 3.4 
The Relative Intensity of Molecular Ion Regions of the 
Degradation Products Formed from Substrate (19)a 
Authentic Formed Reincubated 
compound in H2 18 0 b in H216 0 c 
syringylglycol (39-Ac) 
340 (W) 100 100 100 
342 2.5 46.4 38.2 
% incorporation of 18 0 d 65 56 
syringyl 
ethanone ( 40-Ac-cI)e 
297 (MW) 100 100 100 
299 2.5 65.6 76.6 
% incorporation of 18 0 d 81 89 
a Column, Shimadzu c:apillary column Hicap CBP1-W12-100 (methyl sil.i.cone). 
b The reaction mixture containing 100 ilL of H2 18 0 ( 18 0: 99%), 100 ilL of 
0.4 M acetate buffer (pH 4.0), 1 ilL of enzyme, and 0.1 Jlffiol of substrates 
was incubated at 30 'c for 15 min. 
e The half of the extracts formed in HZ1lio was reincubated for 15 min at 30 
"c in 100 ilL of 0.2 M acetate huffer. 
d Percentage incorporation of 18 0 =100 x ( 18 0 content of the products)/L 18 0 
content In HZ180 of the medium (49%1]. 
e Chemical ionization mode; reagent gas, 2-methylpropane. 
by laccase (Kawai et al., 1987b). These observations showed that 
the phenolic hydroxyl group was necessary for the oxidation of B-
1 substrates by laccase. 
Furthermore, the initial step in catalytic mechanism of 
laccase involves one-electron donation to a specific Cu2+ site 
with the formation of free radical products of organic substances 
(Reinhammer & Malmstrom, 1981). Actually, Nakamura (1960) 
reported by using ESR the oxidative formation of p-benzosemiqui-
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none from p-hydroquinone by laccase. 
These observations indicated that the degradation of di-
syringylpropane (17) was caused by laccase via phenoxy radicals. 
However, the degradation mechanisms were not elucidated clearly, 
because disyringylpropane (17) has two phenolic hydroxyl groups 
attacked by laccase, and from which phenolic hydroxyl group some 
of the degradation products were derived could not be specified. 
In the present investigat ion, phenolic substrates (18) and 
(19), which have one phenolic hydroxyl group (A or B-ring), were 
synthesized and used for elucidation of the degradation mecha-
nisms. 
Substrate (18) was degraded by laccase and diphenylpropane 
(22), phenylpropanal (32), phenylethanone (42), hydroquinone 
Fig. ~L6 Proposed degradation pathways of substrate (18) 
by laccase of C. versicolor. 
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Fig. 3.7 







40H 71 . CH3 '" OCH3 
OH (39) 
Proposed degradation pathways of substrate (19) 
by laccase of C. versi color. 
(57), and benzoquinone (58) were identified as degradation 
products. Substrate (19), on the other hand, gave syringylglycol 
(39), syringylethanone (40), and benzaldehyde (54) as degradation 
products by laccase. On the basis of the structures of these 
products and isotopic experiments, possible degradation pathways 
of substrates (18) and (19) are shown in Figs. 3.6 and 3.7 , 
respectively. These reactions may proceed via phenoxy radicals of 
(18) and (19) formed by their oxidation by laccase. Three types 
of degradation, (i) Ca-Ca cleavage, (iil Ca oxidation, and (iii) 
alkyl-aryl cleavage, which are suspected to be the primary 
degradation reactions by laccase, are discussed below. 
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Ca-Ca cleavage of phenolic fJ-l substrates (18) and (19) 
Phenylethanone (42) and syringaldehyde (51), and syringyl-
glycol (39) and benzaldehyde (54) could be formed by Ca-Cg 
cleavage of the phenoxy radicals of substrates (18) and (19), 
respectively, as shown in Fig. 3.8. 
The phenoxy radicals formed by the enzymatic oxidation of 
(18) and (19) are cleaved between Ca and Cg carbons to form 
radicals and quinone intermediates. In the case of substrate (18) 
(Fig. 3.8 , pathway A), the radicals reacts with molecular oxygen 













v I Rl 





Possible mechanisms for Ca-Cg cleavage of 
substrates (18) (pathway A) and (19) (pathway 
B) • 
-97-
3.2. DEGllADATION lfECHANISIfS OF a-I DILIGNOLS BY LACCASE 
syringaldehyde (51). Incorporation of 18 02 into phenylethanone 
(42) is in good agreement with this pathway. On the other hand, 
in the case of substrate (19) (Fig. 3.8 , pathway B), the radical 
is converted to benzaldehyde (54) and quinone methide which 
reacts with water to yield syringylglycol (39). However, isotopic 
experiments with H2 18 0 showed that the exchange of the Ca 
hydroxyl group of syringylglycol (39) with 16 0 of water or acetic 
acid proceeds slowly, Therefore, the above degradation mechanism 
was not completely verified, but it could be concluded that this 
pathway was one of the major pathways for the formation of 
syringylglycol (39) from substrate (19). 
Ca oxidation and alkyl-aryl cleavage of phenolic /3-1 substrate 
(18) 
The mechanisms of Ca oxidation and alkyl-aryl cleavage are 
illustrated in Fig. 3.9. Disproportionation of the phenoxy 
radicals of substrate (18) occurs to form the cation intermedi-
ate. The release of the Co proton from the cation leads to the 
formation of diphenylpropanone (22) (Co oxidation, Fig. 3.9, 
pathway A). And the attack by water to the cation intermediate 
leads to the formation of phenylpropanal (32) and hydroquinone 
(57) by alkyl-aryl cleavage (Fig. 3.9 , pathway B). Incorporation 
of H2 18 0 into hydroquinone(57) is good agreement with this 
pathway. The mechanism of conversion of hydroquinone (57) to 
benzoquinone (58) by laccase proceeded as previously described 
(Nakamura, 1960). It is suggested that syringylglycol (39) formed 
from substrate (18) via Ca-Cn cleavage is also oxidized to 
syringylethanone (40) via a pathway similar to pathway A in Fig. 
3.9. 
Co oxidation and alkyl-aryl cleavage are well known reac-
tions via phenoxy radicals caused by laccase (see Higuchi, 1985b; 
Kirk & Shimada, 1985). In an earlier paper Kirk et a1. (1968b) 
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IOCH3 








I phenoxy radical 
diSProprtiOnation 
Possible mechanisms for ea oxidation (pathway A) 
and alkyl-aryl cleavage (pathway B) of substrate 
(18) . 
reported that the phenolic a-0-4 lignin models were oxidized with 
laccase of C. versicolor at the ea position and cleaved between 
alkyl and aryl group. Higuchi and co-workers (see Higuchi, 1985b) 
found that many phenolic lignin substructure model compounds, a-
0-4, a-5 , a-a, and a-1 substructures, were degraded by Fusarium 
solani M-13-1, and suggested that the ea oxidation and alkyl-aryl 
cleavage proceeded by laccase activity of the fungus (Iwahara, 
1983) . 
In the previous section, direct ea-ell cleavage of the di-
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syringylpropane (17) by laccase was proposed (Kawai et al., 
1987b). The present investigations strongly supported that the 
Cn-CO cleavage is directly caused via phenoxy radical intermedi-
ates of substrates as in Cn-CO cleavage of nonphenolic 8-1 lignin 
substructure dimers via aryl cation radicals mediated by lignin 
peroxidase of Phanerochaete chrysosporium and its mimetic system 
(Hammel et al., 1985; Shoemaker et al., 1985; Habe et al., 1985a; 
Renganathan et al., 1986). 
Kamaya and Higuchi (1984c) reported that the Cn-CO cleavage 
of disyringylpropane (17) was 'catalyzed by the ligninolytic 
culture of P. chrysosporium and horseradish peroxidase. Namba et 
al. (1983) also found that syringylglycol (39) and syringaldehyde 
(51) were degradation products of the same substrate (17) as well 
as the alkyl-aryl cleavage products. These reactions could be 
explained by degradation mechanisms similar to those shown in 
Figs. 3.8 and 3.9. 
It is known that lignin peroxidase of P. chrysosporium 
catalyzes the oxidation of not only nonphenolic substrates and 
also phenolic substrates (Tien & Kirk, 1984; Pasczynski et al., 
1986). Recently, Yokota et al., (1988, submitted) found that 
suhstrate (18) was degraded by the culture and lignin peroxidase 
of P. chrysosporium to give the products similar to those formed 
by laccase in this study. Very recently, Wariishi et al. (1989) 
reported that Mn-dependent peroxidase of P. chrysosporium also 
catalyzed the similar reactions of a phenolic 8-1 model compound. 
These results indicated that the oxidation of phenolic sub-
structure dimers by lignin peroxidase and Mn-dependent peroxidase 
may proceed via phenoxy radicals as in the laccase reactions 
shown in Figs. 3.8 and 3.9. 
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3.3 DEGRADATION MECHANISMS OF PH~NOLIC 13-0-4 LIGNIN SUBSTRUCTURE 
MODELS 
3.3.1 INTRODUCTION 
The previous sections 3.1 and 3.2 described that laccase 
catalyzed not only alkyl-aryl cleavage and Co oxidation but also 
Ca-Cf3 cleavage of the phenolic 13-1 lignin substructure model 
compounds (17)-(19) (Kawai et al., 1987b, 1988a). 
This section describes the degradation of a phenolic 13-0-4 
lign-iJ) substructure model compound by laccase of Coriolus versi-
color. In earlier paper, Kirk et a1. (1968b) demonstrated that 
alkyl-aryl cleavage and Co oxidation of a phenolic 13-0-4 model, 
1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)ethanol, 
were catalyzed by laccasie of C. versicolor. Recently, War j i shi et 
a1. (1987) reported that a similar substrate, 1-(4-hydroxy-3,5-
dimethoxyphenyl)-2-(2-methoxyphenoxy)-I,3-propanediol (12), was 
mainly cleaved between Ca and Cf3 to form syringaldehyde (51) and. 
2-(2-methoxyphenoxy)ethanol, which further degraded to give 
guaiacol (59), by laccase, in contrast to earlier results (Kirk 
et a1., 1968b). 
To elucidate this question, the degradation of substrate 
(12) by laccase of C. versicolor was performed. The substrate 
(12) was found to be degraded vja alkyl-aryl cleavage and Co 
oxidation. However, both syringaldehyde (51) and 2-(2-methoxy-
phenoxy}ethanol were not detected. A new pathway for the forma-
tion of guaiacol (59) is discussed (Kawai et al., 1989a). 
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3.3.2 MATERIALS AND METHODS 
Laccase preparation 
A purified homogeneous laccase preparation of Coriolus 
versicolor IFO-30340 was kindly provided by Oji Paper Co., Ltd. 
(Sugiura et aI., 1987). A crude laccase preparation from C. 
versicolor Ps4a was prepared by the method of Flhraeus and 
Reinhammer (1967). 2, 5-Xylidine was added to the 4-day-old cul-
ture as an inducer of laccase. After eight days, cultures (3 L) 
were filtered and concentrated ta about 100 mL using a Millipore 
ultrafiltration system (10 kDa pore size). The concentrated soln 
was saturated with ammonium sulfate and cooled to 4 "C overnight. 
The precipitate was separated by centrifugation (10,000 g, 20 
min, 4 "C), redissolved in 70 mL of 0.1 M phosphate buffer (pH 
6.0) and used as a crude enzyme soln. This soln showed an activi-
ty of 370 nkat/mL with syringaldazine (Aldlich Chemical) as sub-
strate as described in Section 3.1 , but did not oxidize veratryl 
alcohol (47) to veratraldehyde (46) in the presence of H202. 
Enzyme reactions 
To the flask containing 40-400 nkat of enzyme soln [purified 
enzyme (1 pL) or crude enzyme (100-500 pL)] and 5 mL of 0.2 M 
acetate buffer (pH 4.0), substrate (1-2.5 pmol in 20 pL of 
acetone soln) was added, and the reaction mixture was incubated 
at 30 'c for 10 min-l h. 
The flask was extracted with ethyl acetate (5 mL, three 
times). The organic layer was dried over anhyd Na2S04 and 
evaporated under reduced pressure. The extract was acetylated 
wi th acetic anhydride and pyridine (1/1, v /v), and analyzed by 
GC-MS [column, Shimadzu capillary column Hicap CBP1-W12-100 
(methyl silicone), 12 m x 0.53 mm (i.d.), column temperature, 
100-220 "C, 5 QC/min]. The acetylated extract was further 
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ethylated with diazoethane in diethyl ether at room temp, and 
analyzed by GC-MS. 
The degradation products were identi f ied by comparison of 
the spectra with those of the authentic compounds. 
In a control experiment, enzyme was replaced by acetate 
buffer. 
The degradation of the mixture of a-carbonyl dimer (13), 
syringaldehyde (51) and syringic acid (53) by laccase was also 
performed by the same procedure. The reaction mixture was ex--
tracted after 0, 10 and 30 min of incubation, and the diacetate 
of 3-(4-hydroxy-3-methoxyphenyl)-1-propanol as as interna] 
standard was added before exraction. The extract was trimethyl-
silylated with N, o-bis (tr imethylsilyl) acetamide/trimethylchloro-
si lane/pyridine (3/1/3, v /v /v) for 2 h, and analyzed by GC 
[column, 1.5% OV-17 oi Chromosorb W AW-DMCS, glass column, 1.5 m 
x 2.6 mm (i.d.), column temp, 90-220 'c, 6 "C/min]. 
Syntheses of substrates and authentic compounds 
1-(4-Hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)-1,3-
propanediol (12) was kindly provided from Dr. T. Umezawa, ¥iood 
research Institute, Kyoto University. 
1-(4-Hydroxy-3,5-dimethoxyphenyl)-3-hydroxy-2-(2-methoxy-
phenoxy)propanone [a-carbonyl dimer (13)] was prepared from 
syringaldehyde (Tokyo Chemical Industry) via following steps: (i) 
benzyl chloride/K2C03/KI in DMF at room temp, (ii) methyl 
magnesium bromide (2.01 moJ/L in THF) (Tokyo Chemical Industry) 
in anhyd THF (distilled from potassium and benzophenone) at room 
temp, (iii) Jone's reagent (Fieser & Fieser, 1967a) in acetone at 
room temp, (iv) ethylene glycol/dl-camphor sulfonic acid in 
refluxing benzene, (v) 5% Pd-C under H2 gas in methanol/ethyl 
acetate/benzene (1/2/2) at room temp, (vi) acetic anhydride/ 
pyridine in ethyl acetate at room temp, (vi) IN HCl in THF at 
-103-
3.3. DEGRADATION OF B-0-4 DILIGNOLS BY LACCASE 
room temp, (vii) CuBr2 in refluxing ethyl acetate [1-(4-acetoxy-
3,5-dimethoxyphenyl)-2-bromoethanone], (viii) guaiacol (Kanto 
Chemicals)/K2C03/KI in DMF at room temp, (ix) paraformaldehyde/ 
K2C03 in (CH3)2S0 at room temp, (x) sodium methoxide in meth-
anol/CH2C12 (1/4) at 0 ·C. 
IH NMR (CDC13) (acetate) B 2.07 (s, 3H, alcoholic-OAe), 2.35 
(s, 3H, Ph-OAe), 3.76 (s, 3H, -OCH3), 3.86 (s, 6H, -OCH3), 
4.45 (dd, J=13, 7.5 Hz, IH, C3-H), 4.73 (dd, J=13, 3.5 Hz, 
IH, C3-H), 5.64 (dd, J=7.4, 3.5 Hz, IH, C2-H), 6.75-7.05 (m, 
4H, Ph(guaiacyl)-H), 7.49 (s, 2", Ph(syringyl)-H). 
MS Table 3.5. 
1-(3,4-Dihydroxy-5-methoxyphenyl)-3-hydroxy-2-(2-methoxy-
phenoxy)propanone (15) was synthesized from pyrogallol (Nakarai 
~hemicals) via following steps: (i) ethanol/coned H2S04 with 
Soxhlet extractor charged with molecular sieves 3A or 4A at 
reflllxing temp (Fieser & Fieser, 1967b), (ii) 5% borax (sodium 
tetraborate decahydrate)/(CH3)zS04/sodium hydroxide in water at 
room temp (Scheline, 1966) (ethyl 3,4-dihydroxy-5-methoxy-
bellzoate), (iii) benzyl chloride (2.2 equiv mol)/K2C03/KI in DMF 
ut room temp, (iv) LAH in anhyd THF (distilled from potassium and 
benzophenone), (v) activated MnOz in CH2C12 at room temp (3,4-
dibenzyloxy-5-methoxybenzaldehyde), (vi) methyl magnesium bromide 
(2.01 mol/L in THF) (Tokyo Chemical Industry) in anhyd THF 
(distilled from potassium and benzophenone) at room temp, (vi) 
,June's reagent (Fieser & Fieser, 1967a) in acetone at room temp, 
(vii) ethylene glycol/dl-camphor sulfonic acid in refluxing 
benzene, (v iii) 5% Pd-C under H2 gas in methanol at room temp, 
( ix) acetic anhydride/pyridine (1/1, v /v) in ethyl acetate at 
room temp, (x) IN He] in acetone at room temp, (xi) CuBr2 in 
cefluxing ethyl acetate, (xii) guaiacol (Kanto Chemicals)/K2C03/ 
KI in DMF at room temp, (xiii) paraformaldehyde/KzC03 in DMF at 
room temp, (x i v) sod i urn methoxide in methano 1/CH2CI2 (1/4) at 0 
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°c. 
1 H NMR (CDC13) (acetate) {) 1. 97 (s, 3H, alcohol ie-OAe), 2.23 
(s, 3H, Ph-OAe), 2.25 (s, 3H, Ph-OAc), 3.67 (s, 3H, -OCH3), 
3.82 (s, 3H, -OCH3), 4.42 (dd, J=12, 6.6 Hz, IB, C3-H), 4.58 
(dd, J=12, 3.9 Hz, 1H, C3-H), 5.47 (dd, J=6.3, 4.0 Hz, 1B, 
C2-B), 6.75-6.82 (m, 2H, 
2H, Ph-(guaiacyl)-H3,6), 
(lH, Ph-(syringyl)-H). 
Ph-(guaiaeyl)-H4,5), 6.86-6.95 (m, 
7.59 (lH, Ph-(syringyl)-H), 7.62 
MS (acetate) m/z (%) 461 (1. 0), 460 (W, 2.6) , 400 (35) , 358 
(48) , 337 (46), 316 (35) , 209 (45) , 167 (100), 165 (23) , 164 
(38), 150 (21) , 149 (21), 124 (20) . 
[3-0C2H3]Syringaldehyde (51-D) was synthesized from 3,4-
dibenzyloxy-5-methoxyphenylbenzaldehyde [intermediate compound 
for synthesis of (15) in step (v)] via following step: (i) 5% Pd-
C under Hz gas in methanol and ethyl acetate at room temp, (i i) 
benzyl chloride (1 equiv mol)/KzC03/KI in DMF at room temp 
(benzyl chloride preferentially reacts with 4-phenolic hydroxyl 
group for the electron-attracting effect of the p-posi t ioned 
aldehyde), (iii) C2H3I (Merck, 99.5%)/KzC03 in DMF at room temp, 
(iv) 5% Pd-C under Hz gas in methanol at room temp. 
MS (acetate) m/z (%) 228 (0.8), 227 (5.3), 224 (0.2), 186 
(11), 185 (100), 184 (26), 182 (3), 170 (3), 167 (4), 142 
(3) • 
[3-0CZH3]Syringic acid (53-D) was synthesized from ethyl 
3,4-dihydroxy-5-methoxybenzoate [i ntermediate compound for 
synthesis of (15) in step (ii)] via following step: (i) benzyl 
chloride (1 equiv mol)/KzC03/KI in DMF at room temp, (ii) C2H31 
(Merck, 99.5%)/KzC03 in DMF at room temp, (iii) sodium methoxide 
in methanol at room temp, (iv) 5% Pd-C under Hz gas in ethanol at 
room temp. 
MS (acetate ethyl ester) m/z (%) 272 (0.6), 271 (W, 4.2), 
230 (12), 229 (100), 201 (11), 184 (27). 
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The diacetate of 2- (2-methoxyphenoxy) -1, 3-propaned iol 
[guaiacoxypropanediol (36-Ac)] and the acetate of 3-hydroxy-2-(2-
methoxyphenyl)propionic acid ethyl ester [guaiacoxypropionate 
(37-Ac-Et)] were prepared from guaiacol (Kanto Chemicals) and 
diethyl bromomalonate (Nakarai Chemicals) by the similar method 
of Katayama et al. (1981): (i) guaiacol/diethyl bromomalonatel 
KzC03/KI in DMF at room temp, (i i) NaBH4 (4 equi v mol) in meth-
anol at 0 °c (5 min), (iii) acetic anhydride/pyridine (1/1, v/v) 
in ethyl acetate at room temp. The products were separated by TLC 
(solvents, methanol/CHzClz, 1/99 'and CHzClz). 
(37-Ac): 1H NMR (CDC13) 0 2.05 (s, 6H, -OAc) , 3.82 (s, 3H, -
OCH3), 4.322 (d, J=5.1 Hz, 2H, C1 or C3-H), 4.324 (d, J=5.3 
Hz, 2H, C1 or C3-H), 4.54 (dt, J=5.1, 5.2 Hz, C2-H), 6.84-
6.90 (m, 2H, Ph-H4,5), 6.98-7.28 (m, 2H, Ph-H3,6). 
MS: Table 3.5. 
(38-Ac-Et): 1H NMR (CDC13) 0 1.26 (3H, -O-C-CH3), 2.07 (s, 
3H, -OAc) , 3.83 (s, 3H, -OCH3), 4.23 (2H, -O-CHz-), 4.52-4.54 
(2H, C3-H), 4.84 (1H, C2-H), 6.83-6.90 (2H, Ph-H4,5), 6.97-
7.03 (2H, Ph-H3,6). 
MS: Table 3.5. 
The following compounds were prepared previously in Section 
3.1 : 2,6-dimethoxy-p-hydroquinone [hydroquinone (57)] (Kawai et 
al., 1988b) and 2, 6-dimethoxy-p-benzoquinone [benzoquinone (58)] 
(Kawai et al., 1987b). The following compounds were commercially 
available: syringaldehyde (50) and syringic acid (53) (Tokyo 
Chemical Industry), and guaiacol (59) ( Kanto Chemicals). Mass 
spectra of these compounds are listed in Table 3.5. 
Instruments 
1 H NMR spectra were recorded by a Varian XL-200 (200 MHz) 
and a Bruker AM-500 (500 MHz) FT-NMR spectrometers. Chemical 
shifts and coupling constants are given in 0 value (ppm) and Hz, 
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TABLE 3.5 
Relative Intensity of the Important Fragment lOllS of the 

















Mass spectral data m/z (%) 
432 (W, 0.5), 372 (18), 331 (9), 330 
(42), 182 (11) 181 (100), 179 (21). 
373 (5), 372 (20), 331 (10), 330 (42), 
182 (11), 181 (100), 179 (20). 
283 (1.6), 282 (W, 9.2), 160 (7), 159 
(100), 124 (33), 109 (12). 
283 (1.2), 282 (W, 6.7), 209 (5), 160 
(8), 159 (l00), 131 (6), 124 (lO), 
109 (5). 
225 (0.9), 224 (W, 5.5), 183 (10), 182 
(100), 181 (24), 167 (6), 139 (4). 
269 (0.8), 268 (W, 3.9), 227 (13), 226 
(100), 198 (11), 181 (31). 
255 (0.8), 254 (W, 6.5), 212 (29), 171 
(10), 170 (100), 169 (6), 155 (12). 
170 (l4), 169 (l5), 168 (W, 100), 153 
(6), 140 (15), 138 (38), 125 (21), 
112 (13), 110 (9). 
167 (2.4), 166 (W, 11), 125 (9), 124 
(100), 109 (4S). 
a Instrument. Hitachi HBO-B; column. Shimadzu capillary column llicap CBPl-
W12-]OO (methyl silicone). 
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respectjvely. Mass spectra were taken by a Shimadzu GCMS-QP 1000 
and a Hitachi M-80B gas chromatograph-mass spectrometers (EI, 70 
eV). Gas chromatogram was recorded by a Shimadzu 8A gas chromato-
graph (FID). 
3.3.3 RESULTS 
Degradation of 1-( 4-hydroxy-3, 5-dimethoxyphenyl)-2-(2-methoxy-
phenoxy)-1,3-propanediol (12) 
The acetates of the degradation products were directly 
submitted to GC-MS. Figure 3.]0 shows the gas chromatogram of 
the products. The acetate of guaiacol (59-Ac), benzoquinone (58), 
the diacetate of hydroquinone (57-Ac) and a-carbonyl dimer (13-
Ac) h/ere identified. The mass spectra and retention times of 
these products were ident ical with those of the authent i c 
compounds. The occurrence of the acetate of 3-hydroxy-2-(2-
ruethoxyphenoxy)propanal [guaiacoxypropanal (35-Ac)] was suggested 
by GC-MS analysis, and then guaiacoxypropanal (35) was identified 
as follows. The degradation product was reduced with NaBH4 in 
methanol at 0 ·C, and it was acetylated with acetic anhydride and 
Il,vridine in ethyl acetate at room temp. This products was 
allt.llyz('d by Ge-MS. The gas chromatogram of the treated product 
indicated that the peak corresponding the acetate of guaiacoxy-
propanal (35-Ac) and (36) disappeared. While, the peak of the 
diacetate of guaiacoxypropanediol (37-Ac) appeared. 
To detect the acidic compounds, the acetylated product was 
ethylated by diazoethane and analyzed by GC-MS. Thus, the acetate 
of ethyl guaiacoxypropionate (38-Ac-Et) was identified. Compounds 
(13), (35), (38), (57), (58) and (59) were not detected in the 
reaction mixture of the control by GC-MS analysis by use of the 
diacetate of 3-(4-ethoxy-3-methoxyphenyl)-1-propanol as an 
internal standard. 
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Retention Time (min.) 
I 
30 
Gas chromatogram (total ion chromatogram in Ge-
MS analysis) of acetylated degradation products 
formed from 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-
(2-methoxyphenoxy)-1,3-propanediol (12) by 
lacease of C. 'versicolor. 
Substrate (12) was completely degraded. The acetates of a-
carbonyl dimer (13-Ac) and phenylpropanal (35-Ac) thermally 
released acetic acid in the process of GC-MS analysis to 
give a,a-unsaturated carbonyl compounds (14) and (36), 
respectively. Column, Shimadzu capillary column Hicap CBPI-
W12-100 (methyl silicone), 12 m x 0.53 mm (Ld.); column 
temp, 100-220 ·C, 5 ·C/min. 
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In further experiment, the occurrence of syringaldehyde (51) 
and syringic acid (53) was carefully examined by use of the 
stable isotope labeled compounds (51-D) and (53-D). However, 
syringaldehyde (51) was not detected. While a trace amount of 
syringic acid (53) was detected in the degradation product « 1 
pg), although almost equal amount of which was found in the 
reaction mixture of control experiment. 
Degradation of 1-(4-hydroxy-3,5-dimethoxyphenyl)-3-hydroxy-2-(2-
methoxyphenoxy)propanone (13) 
The acetate of the degradation product of a-carbonyl dimer 
(13) was directly submitted to GC-MS. The acetate of guaiacol 
(59-Ac), benzoquinone (58), the diacetate of hydroquinone (57-Ac) 
were identified. The acetylated product was ethylated by diazo-
ethane and analyzed by GC-MS. The acetate of ethyl guaiacoxy-
propionate (38-Ac-Et) was identified. The mass spectra and 
retention times were identical with those of the authentic 
compounds. Compounds (38), (57), (58) and (59) were not detected 
in the reaction mixture of control experiment by GC-MS. The 
amount of syringic acid (53) formed enzymatically was almost 
equal to that formed non enzymatically « 1 pg). 
Then, the degradation of the mixtures of three substrates, 
a-carbonyl dimer (13), syringaldehyde (51) and syringic acid 
(53), by laccase was examined to investigate the degradation rate 
of the respective substrates (Fig. 3.11 ). The results showed 
that syringic acid (53) was preferentially degraded by laccase, 
and no syringic acid (53) was detected after 30 min reaction, 




















Syringic acid (53) 
o 0'----'-1 0--2-'-0--"'~30'-
Time (min.) 
Time course of degradations of the mixture of a-
carbonyl dimer(13), syringaldehyde (51) and 
syringic acid (53) by laccase of C. versicolor. 
Column, 1.5% ov-17 on Chromosorb W (AW-DMCS), 1.5m x 2.6 mm 
(i.d.); column temp, 90-220 °c, 6 °C/min. 
3.3.4 DISCUSSION 
On the basis of the structures of the degradation products, 
the possible degradation pathways of substrates (12) and (13) by 
laccase of Coriolus versicolor were proposed as shown in Fig. 
3.12. The reaction may proceed via phenoxy radicals of sub-
strates (12) and (13) formed by laccase as described in Section 
3.2. 
Guaiacoxypropanal (35) and hydroquinone (57) could be formed 
by alkyl-aryl cleavage of substrate (12). Ca hydroxyl group of 
substrate (12) was oxidized to form a-carbonyl dimer (13) (Ca 
oxidation). a-Carbonyl dimer (13) was further cleaved between 
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Fig. 3.12 Proposed degradation pathways of substrates 
(12) and (13) by laccase of C. versico1or. 
alkyl and aryl groups to give guaiacoxypropionate (38) and hydro-
quinone (57). Detailed oxidation mechanisms were simiiar to those 
of phenolic B-1 lignin substructure model compounds (17)~(19) as 
shown in Fig. 3.9 (Section 3.2) (Kawai et al., 1988a). In 
earl ier paper, Kirk et al. (1968b) reported that ea oxidation and 
alkyl-aryl cleavage of the similar substrate, 1-(4-hydroxy-3,5-
dimethoxyphenyl)-2-(2-methoxyphenoxy)ethanol, were mediated by 
laccase of C. versico1or. The conversion of hydroquinone (57) to 
benzoquinone (58) was reported previously (Section 3.2 ). 
In the degradation of nonphenolic B-D-4 lignin substructure 
model compounds by lignin peroxidase, a phenol from B-aryl moiety 
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and a benzaldehyde were formed bi Ca-CO cleavage of the substrate 
(Higuchi, 1986; Kirk & Farrell, 1987; Buswell & Odier, 1987; 
Umezawa, 1988). In Section 3.1 and 3~2 , Ca-CO cleavage of 
phenolic 13-1 lignin substructure models (17)-(19) mediated by 
laccase, and the degradation mechanisms for Ca-CO cleavage were 
proposed (Fig. 3.8., Kawai et aI., 1988a). It can t.herefore be 
presumed that the guaiacol (59) is formed via direct Ca-CO 
cleavage of substrate (12). 
Two alternative pathways for the formation of phenols from 
f3-aryl ether moieties of phenolic 13-0-4 model compounds were 
proposed previously. ( i) Phenol formation via phenoxypropanal 
formed by alkyl-aryl cleavage (Morohoshi & Haraguchi, 1987) and 
(ii) via phenoxyethanol formed with benzaldehyde by Ca-CO cleav-
age (Wariishi et al., 1987). However, syringaldehyde (51), which 
f 
was identified as a major degradation product of substrate (12) 
by Wariishi et al., (1987), could not be detected. 
As a considerable amount of guaiacol (59) was found in the 
degradation products of a-carbonyl dimer (13), syringic acid (53) 
as an expected product of Ca-CO cleavage of a-carbonyl dimer (13) 
was searched and identified. But the amount of syringic acid (53) 
was very little and almost equal to that formed nonenzymatically. 
Both syringaldehyde (51) and syringic acid (53) are known to 
be good substrates for laccase (Ishihara & Nishida, 1983; Kawai 
et aI, 1987b, 1988a). Then, the degradation of the mixture of a-
carbonyl dimer (13), syringaldehyde (51) and syringic acid (53) 
by laccase were examined to investigate the degradation rate of 
the respective substrate (Fig. 3.12 ). Syringic acid (53) was 
preferentially degraded by laccase, and the degradation of the 
former two substrates was comparatively slow. Consequently, it 
was concluded that guaiacol (59) could be formed from a-carbonyl 
dimer (13) with syringic acid (53) via Ca-CO cleavage as shown in 
Fig. 3.13 , but syringic acid (53) was degraded faster. 
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Possible mechanism for the formation of syringic 
acid (53) and guaiacol (59) from a-carbonyl 
dimer (13) by laccase of C. versicolor. 
Very recently, the occurrence of 1-(3,4-dihydroxy-5-methoxy-
phenyl)-3-hydroxy-2-(2-methoxyphenoxy)propanone (15), the tri-
acetate of which thermally releases acetic acid to give a,/3-
unsaturated carbonyl compound (16), was suggested by GC-MS 
analysis. Then the authentic compound (15) was synthesized. The 
mass spectrum of the degradation product was identical with 
those of synthesized compound (15) (data not shown). Further 
investigations are now in progress whether guaiacol (59) is 
formed by laccase or not as the degradation product from (15). 
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3.4 AROMATIC RING CLEAVAGE OF 4,6-DI-TERT-BUTYL-2-METHOXYPHENOL 
3.4.1 INTRODUCTION 
As described in Section 3.1 -3.3 , laccase of Coriolus 
versicolor catalyzed not only alkyl-aryl cleavage but also Ca-Ca 
cleavage of the side chain of f3-1 and f3-o-4 lignin substructure 
model compounds (Kawai et a1., 1987b, 1988a, 1989a). In this 
section, the possibility of aromatic ring cleavage of the 
phenolic lignin model compound, 4,6-di-tert-butyl-2-methoxyphenol 
[dibutylguaiacol (60)], by laccase was examined. Dibutylguaiacol 
(60) was found to be degraded by laccase to form an aromatic ring 
cleavage product, 2,4-di-tert-butyl-4-methoxycarbonylmethyl-2-
buten-4-01ide [muconolactone (62)]. The following tracer experi-
ments with H2 18 0 and 18 02 demonstrated the incorporation of 18 0 
from 18 02 into the muconolactone (62) (Kawai et al., 1988b). 
3.4.2 MATERIALS AND METHODS 
Enzyme preparation 
Crude laccase preparation of Coriolus versicolor Ps4a was 
prepared by the method of Flhraeus and Reinhammer (1967) as 
described in Section 3.3. 
Enzyme reaction 
Enzyme soln (3 mL, 1100 nkat) and substrate (60) (2 pmol in 
5-pL acetone) were placed in a flask and the reaction mixture was 
incubated for 2 h at 30°C under air. In a control experiment, 
enzyme was replaced by 0.1 M phosphate buffer (pH 6.0). 
The reaction mixture was then extracted with ethyl acetate 
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(10 mL). The organic layer was washed with saturated NaCl soln, 
dried over anhyd Na2S04 and evaporated under reduced pressure. 
The extract was separated by TLC (Kieselgel F254, Merck; solvent, 
ethyl acetate/n-hexane, 1/10). The fraction whose Hf value 
corresponds to that of muconolactone (62) was analyzed by GC-MS 
[column, Shimadzu capillary column Hicap CBP1-W12-100 (methyl 
silicone) 12 m x 0.53 mm (i.d.); column temp, 120-140 ·c, 5 'C/ 
min] . 
The amount of muconolactone (62) formed was calculated 
quantitatively by the stable isotope dilution method. Deuterated 
muconolactone (62-D) as an internal standard (2 pg in 20-pL 
dioxane) was added to a flask before extraction, and the fraction 
containing muconolactone (62) and (62-D) was separated by TLC and 
analyzed by GC-MS (mass chromatography). 
Isotopic experiments 
incorporation of .180 from.18 02 
A flask containing 2.9 mL of 0.1 M phosphate buffer (pH 6.0) 
and JOO l-IL of enzyme soln (40 nkat) was evacuated and then filled 
with argon gas, and this procedure was replaced five times. 
Finally, 18 02 (180: 98.58%, CEA) was introduced into the evacu-
ated flask. The reaction was then started by the addition of 2 
\lmol of dibutylguaiacol (60), and the reaction mixture was shaken 
for 3 h at 30 ·C. The reaction was terminated by extraction with 
ethyl acetate (10 mL). The ethyl acetate layer was dried over 
anhyd Na2S04 and evaporated. The fraction containing mucono-
lactone (62) was immediately separated by TLC and analyzed by 
GC-MS. 
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Incorporation of 18 0 from H~8 0 
To a flask containing lyophilized enzyme (300 pL, 110 nkat), 
150 pL of H2 18 0 (II'; 0: 97%, CEA), 150 pL of distilled water and 2 
pmol of dibutylguaiacol (60) were added, and the reaction mixture 
was shaken for 3 h at 30 "C. The reaction mixture was then 
extracted with ethyl acetate (10 mL), and the ethyl acetate layer 
was dried over anhyd Na2S04 and evaporated. The fl'action 
containing muconolactone (62) was immediately separated by TLC 
and analyzed by GC-MS. 
Syntheses of substrate and authentic compounds 
4,6-Di-tert-butyl-2-hydroxyphenol [dibutylguaiacol (60)J was 
prepared from guaiacol (Nakarai Chemicals) by the method of Ley 
and Muller (1956). However, the product contained the isomer, 
3,5-di-tert-butyl-2-methoxyphenol, of which the chemical property 
are identical with those of dibutylguaiacol (60) (Rf value on 
TLC, retention time in GC, and IH NMR and mass spectra). When the 
product containing both isomers was treated with acetic anhydride 
and pyridine (1/1, v/v) at room temp for 24 h, one isomer (3,5-
di-tert-butyl-2-methoxyphenol) was acetylated, but the other was 
not. The nonacetylated form was selected as the target compound 
(60), since the phenolic hydroxyl group of (60) is not suscepti-
ble to acetylation wi th acetic anhydride owing to sterie hin-
drance by the neighboring bulky tert-butyl group. 
2,4-Di-tert-butyl-4-methoxycarbonylmethyl-2-butene-4-olide 
[muconolactone (62) J was synthesized from 4- tert-butylcatechol 
(Nakarai Chemicals) via the following step: (i) introduction of 
the tert-butyl group with 2-methyl-2-propanol and coned H2S04 in 
acetic acid at room temp (3,5-di-tert-butylcatechol) (Matsuura et 
aI., 1972), (ii) aromatic ring cleavage of 3,5-di-tert-butyl-
catechol to muconolactone (61) with ferric acetylacetonate 
(Nakarai Chemicals) and ca. 8% peracetic acid (Findley et aI., 
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1945) in acetic acid at room temp [modified method of Pandell 
(1983)]. The product (61) was recrystallized from petroleum ether 
(15.7%), and (iii) methylated with diazomethane in diethyl ether 
at room temp. 
1H NMR (CDC13) 00.98 (s, 9H, -C(CH3)3), 1.24 (s, 9H, 
C(CH3)3), 2.80 (d, J=14 Hz, 1H, >C-CHz-COO-), 2.96 (d, J=14 
Hz, 1H, >C-CHz-COO-), 3.59 (s, 3H, -OCH3), 6.97 (s, 1H, 
>C=CH-) . 
13 C NMR (CDC 13) 0 2 5 . 2 (q), 28 . 0 (q), 31. 5 , 3 7 . 6 , 3 7 . 8 (t ) , 
51.8 (q), 88.4, 143.5, 146.0 (d), 169.7, 171.2. 
EI-MS m/z (%) 268 (W, missing), 213 (12), 212 (W-C4HB, 
100), 198 (11), 197 (95), 153 (64), 137 (15), 109 (13). 
CI-MS (2-methylpropane) m/z (%) 270 (16), 269 (NH+, 100). 
IR (KBr) Vc=o 1746, 1733 cm -1, Vc=c 1639 cm -1. 
Deuterated muconolactone (62-D) was prepared from (61) by 
treatment with CZH30H (99.5%, CEA) in the presence of trifluoro-
acetic anhydride at 35 ·C. 
CI-MS m/z (%) 272 (MH+, 100), 269 (4.5). 
Instruments 
NMR spectra were recorded on a Varian XL-200 FT-NMR spectro-
meter (200 MHz). Chemical shifts and coupling constants are given 
in 0 value (ppm) and Hz, respectively. Mass spectra were measured 
on a Shimadzu GCMS QP-IOOO gas chromatograph-mass spectrometer 
[EI-MS (70 eV) and CI-MS (reagent gas, 2-methylpropane)]. IR 
spectrum was registered using a Hitachi 260-30 infrared spectro-
meter. Enzyme activity was determined with a Hitachi 200-20 
double-beam spectrophotometer. 
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3.4.3 RESULTS 
It was confirmed by GC-MS analysis that muconolactone (62) 
was formed as an aromatic ring cleavage product by laccase from 
dibutylguaiacol (60), which was not degraded completely for 2-h 
incubation as s~own in Fig. 3.14. The mass spectra (EI and Cll 
and retention time of the degradation product (62) were identical 
with those of the authentic compound. Furthermore, quantification 
by stable isotope dilution method showed that 20 nmol (5.4 pg) of 
muconolactone was formed as degradation product from 2 pmol 
(472.7 pg) of dibutylguaiacol (60), while the amount of mucono-
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Mass spectra of 2,4-di-tert-butyl-4-methoxy-
carbonylmethyl-2-buten-4-olide (62). 
Upper panel; authentic compound; lower panel, degradation 
product formed from dibutylguaiacol (60) by laccase. 
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Other products were observed by TLC, but their structures 
were not determined. 
Incorporation of 18 0 into muconolactone (62) from 18 02 0 r 
H2 18 0 was investigated by use of GC-MS. Figure 3.15 shows mass 
chromatograms of the MH+ region of muconolactone (62). Analysis 
showed that H2 18 0 was not incorporated to muconolactone (62), 
while one (22%) or two (11%) atoms of 18 0 were incorporated into 
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(A) Authentic compound, (B) product from substrate (60) 
under 1802 (180 : 98.58%), (C) product from substrate (60) in 
H2
180 (180 : 48.5%). 
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3.4.4 DISCUSSION 
Our investigation showed that monomeric lignin degradation 
phenols, vanillyl alcohol, syringyl alcohol, etc., were mostly 
converted to polymerized or quinone-type compounds by laccase 
(data not shown). It appeared rather difficult to identify the 
structures of the aromatic ring cleavage products without hav ing 
synthetic authentic compounds available, even if a small amount 
of such products could be obtained from these substrates. There-
fore, 4,6-di-tert-butyl-2-methoxyphenol (60) was synthesized as 
substrate for laccase. The ortho and para positions for the 
phenolic hydroxyl group of this compound (60) were blocked with 
bulky tert-butyl groups to prevent coupling and side chain 
reactions of phenoxy radical (s). And it was succeeded for the 
first time the identification of a aromatic ring cleavage prod-
uct, muconolactone (62), by laccase compared wi th the authent ic 
compound. 
Figure 3.16 depicts two possible mechanisms of formation 
of muconolactone (62). Dibutylguaiacol (60) is oxidized by 
laccase to form the phenoxy radical, which is subsequently 
attacked by molecular oxygen. The resulting hydroperoxide reacts 
with nucleophilic oxygen species. Since isotopic experiments 
showed that H20 was not incorporated into muconolactone (62), 
formation of (62) via pathway B was ruled out. However, mass 
spectrometric analysis showed that two 18 0 atoms from 18 02 were 
incorporated into a part of muconolactone (62) (Fig. 3.15 ). 
These results are in accordance with the contention that the 
hydroperoxide group of an intermediary 02 adduct reacts with the 
adjacent carbonyl group to form a cyclic peroxide, which is 
converted to a muconate deri vati ve. The muconate compound then 
undergoes cyclization to yield muconolactone (62). 
Muconolactone (62) was isolated previously as a product in 
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Possible mechanisms for the formation of 
muconolactone (62) from 2,4-di-tert-butyl-2-
methoxyphenol (60). 
photosensitized (Matsuura et al., 1972) and alkaline-oxygen 
(Eckert et al., 1973; Gierer & Imsgard, 1977) oxidations of 
dibutylguaiacol (60). Very recently, muconolactone (62) was 
identif ied as a degradation product of dibutylguaiacol (60) by 
laccase from Cliloplus species (data not shown). 
It is known that aromatic ring cleavage of phenolic com-
pounds by microorganisms is generally catalyzed by dioxygenase. 
However, the present investigation showed that in addition to 
side chain cleavage of phenolic a-I and a-Q-4 lignin substructure 
model compounds as described previous Sections 3.1 -3.3 (Kawai 
et a1. 1987b, 1988a, 1989a), aromatic ring cleavage of phenolic 
lignin model compounds is catalyzed by laccase of C. versicolor. 
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3.5 OXIDATION OF METHOXYLATEDBENZYL ALCOHOLS BY LACCASE OF 
CORIOLUS VERSICOLOR IN THE PRESENCE OF SYRINGALDEHYDE 
3.5.1 INTRODUCTION 
Laccase mediates one-electron oxidation of phenolic sub-
strates to form many degradation products via various pathways 
(Kawai et a1., 1987b; 1988a,b; 1989a), but the enzyme can not 
oxidize nonphenolic substrate. However, an earlier paper reported 
that veratrylglycerol-B-guaiacyl ether was converted to its a-
carbonyl derivative by laccase in the presence of spruce MWL 
(Kirk et al., 1968a). They concluded that free radicals partici-
pated in the oxidation of veratrylglycerol-B-guaiacyl ether. 
Recently, the formation of guaiacol (59) from the mixture of 
guaiacoxyethanol and syringaldehyde (51) by laccase was reported 
(Wariishi et al., 1987). 
In the present section, the oxidation of nonphenolic 
monomers, veratryl alcohol (47) and 3,4,5-trimethoxybenzyl 
alcohol (56), by laccase of C. versicolor in the presence of 
syringaldehyde is described, and the mechanisms for the oxidation 
of these substrates are discussed. Furthermore, the oxidation of 
nonphenolic 13-1 lignin substructure model compounds by laccase in 
the presence of' syringaldehyde or bamboo MWL was investigated. 
However, 8-1 substrates could not be oxidized in our experimental 
condi t ions (Km.ai et al., 1989b). 
3.5.2 MATERIALS AND METHODS 
Laccase Preparation 
A purj f'ied homogeneous laccase preparation of C. versicolor 
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IFO-30340 was kindly provided from Oji Paper Co., Ltd. (Sugiura et 
al., 1987). It was stored at -20 DC as a 50% glycerol solution. 
The enzyme activity was determined spectrophotometrically by 
measuring the absorption at 525 nm using syringaldazine (Aldrich 
Chemical) as substrate at 30 DC as described in Section 3.1 
(Leonowicz and Grzywnowicz, 1981). 
Enzymic oxidation of methoxylated benzyl alcohols in the presence 
of syringaldehyde 
Substrate, veratry 1 alcohol (47) or 3,4, 5-trimethoxybenzy 1 
alcohol (56) (0.5 pmol in 5 pL DMF soln), and syringaldehyde (2 
pmol in 5-pL DMF soln) were incubated in a total volume of 1 mL 
with the enzyme (15-25 nkat) in 0.2 M acetate buffer (pH 4.0) at 
30 'c for 30 min under air. In a control experiment, no syringal-
dehyde was added to the flask. 
The reaction mixture was extracted with 10 mL ethyl acetate. 
The organic layer was washed with saturated NaCl soln, dried over 
anhyd Na2S04 and evaporated under reduced pressure. The extract 
was acetylated with acetic anhydride and pyridine (1/1, v/v) in 
ethyl acetate for 10 h and analyzed by GC-MS [instrument; 
Shimadzu GCMS-QP 1000 gas chromatograph-mass spectrometer (EI, 70 
eV), column; Shimadzu capillary column Hicap CBP1-W12-100 (methyl 
silicone), 12 m x 0.53 mm (i.d.), temperature program; Initial 
temp at 130 ·C was hold for 2 min, then elevated to 150 ·C at 5 
·C/min]. Degradation products were identified by comparison of 
the mass spectra and retention times with those of the authentic 
compounds. 
The amounts of benzaldehydes (46) and (55) formed were 
calculated quantitatively by stable isotope dilution method. 
Deuterated internal standard, (46-D) or (55-D), (2 pg) was added 
to the flask before extraction, and analyzed by GC-MS. 
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Enzymic oxidation of nonphenolic /3-1 lignin substructure model 
compounds in the presence of syringaldehyde or bamboo MWL 
Reaction conditions of a-I lignin model compounds (20) and 
(21) by laccase are 1 isted in Table 3.6. Reaction mixture was 
extracted with ethyl aCtotate (10 mL, twice), and the organic 
layer was washed with saturated NaCl soln, dried over anhyd 
NazS04, and evaporated under reduced pressure. The extract was 
acetylated and analyzed by GC-MS. 
TABLE 3.6 
Reaction Conditions for the Degradation of Nonphenolic a-I 
Substructure (20) and (21) by Laccase in the Presence of 
Syringaldehyde or Bamboo MWL 
Nonphenolic Phenolic Medium Time 
compound compound 
( 21) Syringaldehyde Acetate. buffer pH 4.0 0.5 h 
(20) Syringaldehyde Acetate buffer pH 5.3 0.5 h 
(20) Syringaldehyde Acetate buffer pH 4.0 0.5 h 
(20) Syringaldehyde Tartrate buffer pH 3.0 0.5 h 
(21) MWL Acetate buffer pH 4.0 2.0 h 
( 21) MWL Dioxane/water 9/1 2.0 h 
( 21) MWL Dioxane/acetate 
buffer, pH 5.3 3/1 2.0 h 
Syntheses of substrates and authentic compounds 
[4-0C2H3]Veratraldehyde (46-0) was prepared from vanillin 
by methylation with C2H31 (ZH: 99.5%, Merck) in OMF at room temp. 
MS mlz (%) 170 (19), 169 (W, 100), 168 (52), 167 (1.7), 166 
(0.4), 98 (15), 95 (12), 79 (11). 
3,4,5-Trimethoxybenzaldehyde (55) was prepared from 
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syringaldehyde by methylation with iodomethane and K2C03 in DMF 
at room temp. C2 H3I (2H: 99.5%, ~erck) was used for the prepara-
tion of [4-0C2H3]3,4,5-trimethoxybenzaldehyde (55-D). 
(55): MS m/z (%) 199 (0), 198 (2.3), 197 (12), 196 (W, 100), 
195 (5.5), 181 (41), 125 (19), 110 (14). 
(55-D): MS m/z (%) 200 (13),199 (W, 100), 198 (8.7), 196 
(3.0), 181 (34), 125 (13). 
3, 4, 5-Trimethoxybenzyl alcohol (56) was obtained by reduc-
tion of (55) with NaBH4 in methanol at 0 ·C. 
MS m/z (%) 241 (15),240 (W; 100), 198 (43), 197 (12), 183 
(17), 181 (67), 169 (19). 
Veratry 1 alcohol (47), veratraldehyde (46) and syringalde-
hyde (51) were commercially available (Tokyo Chemical Industry). 
(47): MS (acetate) m/z (%) 211 (10), 210 (W, 81), 168 (36), 
15:3 (12), 
107 (Hi). 
(10), 151 (100), 150 (10), 137 (16), 135 (12), 
(46): MS m/z (%) 169 (0.6), 167 (15), 166 (W, 100), 165 (52), 
15] (13), 95 (28), 77 (18)~ 
1,2-Bis(3,4,5-trimethoxyphenyl)-1,3-propanediol (21) was 
prepared from 1,2-bis(4-hydroxy-3,5-dimethoxyphenyl)-1,3-propane-
din] (17) (Kawai et a1., 1987b) by methylation with diazomethane. 
1,2-Bis(4-ethoxy-3,5-dimethoxyphenyl)-1,3-propanediol (20), 2,6-
d imcthoxy-p-benzoquinone [benzoqu i none (58)] (Kawai et al., 
1987b) and 2,6-dimethoxy-p-hydroquinone [hydroquinone (57) (Kawai 
et a1., 1988a) were prepared previously as described in Section 
3.1. Bamboo MWL was kindly provided by Dr. M. Tanahashi, Wood 
Research Institute, Kyoto University. 
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3.5.3 RESULTS 
Degradation of veratryl alcohol (47) and 3,4,5-trimethoxybenzyl 
alcohol (56) 
As degradation products of the mixture of veratryl alcohol 
(47) and syringaldehyde (51) by laccase, veratraldehyde (46), 
hydroquinone (57), and benzoquinone (58) were identified by GC-MS 
analysis. When no syringaldehyde (51) was added to the flask, 
little veratraldehyde (46) was detected. Then, the quantification 
of degradation product (46) was conducted. Figure 3.17 shows the 
mass chromatograms of the W regions of degradat ion product (46) 
(m/z 166) and internal standard (46-D) (m/z 169). The amount of 
product (46) formed in the presence of syringaldehyde (51) was 
7.6 x 10-3 pmol (1.3 pg, average of experiments 1 and 2). While 
Fig. 3.17 
-.Jf\ "----(46-D) ~ m/z 
-1'---- 169 -~I-~I (46) _~_--'-I I I 166 
2 2 1 2 
Time (min) Time (min) 
Mass chromatograms of the W regions of the 
degradation product (46) (m/z 166) and internal 
standard (46-D) (m/z 169), 
Before extraction of the reaction mixture, internal standard 
(2 pg) was added. 
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the amount of (46) formed in the absence of syringaldehyde (51) 
was 3.1 x 10-3 pmol (0.5 pg). 
As degradation products of the mixture of 3,4,5-trimethoxy-
benzyl alcohol (56) and syringaldehyde (51) by laccase, 3,4,5-
trimethoxybenzaldehyde (55), hydroquinone (57) and benzoquinone 
(58) were identified by GC-MS analysis. In the control experi-
ment, however, 3,4,5-trimethoxybenzaldehyde (55) was formed very 
little. Figure 3.18 shows the mass chromatograms of M+ regions 
of degradation product (55) (m/z 196) and internal standard (55-
D) (m/z 199). The amount of product (55) formed in the presence 
of syringaldehyde (51) was 7.4 X 10-3 pmol (1.5 pg, average of 
experiments 1 and 2). Whi Ie the amount of (55) formed in the 
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Mass chromatograms of the W regions of the 
degradation product (55) (m/z 196) and internal 
standard (55-D) (m/z 199). 
Before extraction of the reaction mixture, internal standard 
(2 ~g) was added. 
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Degradation of nonphenolic /3-1 lignin substructure model com-
pounds 
The acetylated degradation products of the mixture of noo-
phenolic a-1 model compound (21) and syringaldehyde (51) by 
laccase were submitted to GC-MS. 3,4,5-Trimethoxybenzaldchyde 
(55) was little formed as a Ca-CO cleavage product of (21), but 
almost equal amount of (55) was found in the extracts of (21) by 
laccase in the absence of syringaldehyde (51). The experimental 
conditions were the same as in Table 3.6. 
3.5.4 DISCUSSION 
Coriolus versicolor excretes laccase (Fahraeus & Reinhammer, 
1967) and lignin peroxidase (Dodson et aI., 1987). Lignin per-
oxidase catalyzes the oxidation of both nonphenolic and phenolic 
lignin substructure models (Dodson et aI., 1987; Kawai et a1., 
in press, See Chapter 2) as in the case of Phllnerochllete chl',Ysos-, 
porium (Tien & Kirk, 1984). On the other hand, laccase is unable 
to oxidize nonphenolic lignin dilignols (Kawai et aI., 1987b; 
Wariishi et aI., 1987). Lignin macromolecules are composed of 
phenolic (10-20%) and nonphenolic (80-90%) moieties (Adler, 1977; 
Higuchi, 1985a). The content of phenolic hydroxyl groups could be 
increased during side chain cleavage by P. chrysosporium (Tien & 
Ki rk, 1984) and laccase (Morohoshi & Haraguchi, 1987: Kawai et 
al., 1989a). Hence, if laccase or radical intermediates formed by 
laccase could catalyze the oxidation of nonphenolic moieties of 
lign in, the degradation rate of lignin macromolecules could be 
increased. 
The present investigation showed that veratryl alcohol (47) 
or nonphenolic trimethoxybenzyl alcohol (56) was oxidized to the 
correspondi ng benzaldehyde (46) or (55) by laccase of C. rersi-
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color in the presence of syringaldehyde. These results indicate 
that the addition of syringaldehyde (51) induces the oxidation of 
the nonphenolic monomers (47) and (56). Hence, the oxidation 
mechanisms of nonphenolic methoxylated benzyl alcohols (47) and 
(56) by laccase in the presence of syringaldehyde (51) were 
proposed as illustrated in Fig. 3.19. Laccase mediates one-
electron oxidation from syringaldehyde (51) to give the phenoxy 
radical. The phenoxy radical is mainly converted to hydroquinone 
(57) and benzoqu i none (58). However, it seems that some of the 
radical mediate one-electron oxidation of nonphenolic monomers 
(47) or (56) to give the corresponding aryl cation radical. The 
aryl cation radical is converted to benzaldehyde (46) or (55) via 
several steps. 
The oxidation of nonphenolic a-I lignin substructure model 
compounds (20) and (21) by laccase in the presence of the 
phenolic substances, syringaldehyde (51) or bamboo MWL was 
further attempted. Kirk et al. (1968) reported that incubation of 
vr:ratrylglycerol-a-guaiacyl ether (25 mg), spruce MWL (50 mg), 
and laccase in acetate buffer (pH5.0) for 46 h resulted in the 
formation of a small amount « Img) of its a-carbonyl derivative. 
However, in the present experiment Ca-C/3 cleavage products, the 
formation mechanism of which is very similar to that of Ca 
oxidation products, of a-I m6del compounds could not be detected. 
Kirk et al. (1968) also reported the conversion of veratryl-
glycerol-a-guaiacyl ether to its a-carbonyl derivative by 2,4,6-
triphenylphenoxyl dimer, which dissociated to two phenoxy radical 
monomers, in benzene. These result suggests that the possibility 
of the oxidation of nonphenolic dilignols by phenoxy radicals 
formed by laccase is still remained. 
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The oxidation mechanisms of nonphenolic 
monomers, veratryl alcohol (47) and 3,4,5-
trimethoxybenzy 1 alcohol (56), by laccase of C. 
versicolor in the presence of syringaldehyde. 
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The present study was designed to elucidate the degradation 
mechanisms of lignin by a white-rot fungus, Coriolus versicolor, 
through the degradation of lignin model compounds by the culture 
and extracellular enzymes of this fungus. 
In Chapter 1, the degradation of nonphenolic /3-0-4 lignin 
substructre model compounds by the ligninolytic culture of C. 
w:'rs i color was described. Since 13-0-4 substructure is the most 
frequent intermonomer linkage in lignin and many of this linkage 
are et.beri fied, elucidation of the degradation mechanisms for 
tll is substructure is essential. . Ear lier paper (Russell et a1., 
1 %1; Kj rk d al.. 1968a) reported that nonphenolic (3-0-4 model 
compounds could not be degraded by C. vers i color. Thi s was 
because the culture parameters which were later determined by 
Kid; et a1. (1978) were not appropriate for ligninolytic system 
of this fungus. Then, the author attempted the degradation of 1-
(4-etlwxy-3-methoxyphenyl)-2-(4-formyl-2,6-dimethoxyphenoxy)-1,3-
propanediol by C. versicolor under ligninolytic culture condi-
tions (Section 1.1, Kawai et a1., 1985a,b). The substrate was 
rapidly degraded to give many degradation products. The chemical 
structures of the degradation products indicated that five types 
of reactions were caused by the ligninolytic culture of C. versi-
color: (i) oxidation and reduction at the benzylic position of 
the substrate, (ii) l3-ether Cleavage to give arylglycerol, (iii) 
Ca-CU cleavage of propyl side chain of the substrate and aryl-
glycerol to give benzaldehyde, (iv) cleavage of l3-etherated 
aromatic ring of the substrate to give formate and cyclic 
carbonate of arylglycerol (Section 1.2), and (v) the formation of 
p-benzoquinone monoketals (Section 1.3). 
The aromatic rinf5 cleavage product, 1- (4-ethoxy-3-methoxy-
phenyl)-3-formyloxy-1,2-propanediol, was first identified (Kawai 
et al., 1985a), and an isotopic experiment with the 13C-Iabeled 
substrate indicated that its formyl carbon was derived from the 
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f3-etherated aromatic ring of the /3-0-4 model compound (Kawai et 
al., 1985b). The carbonate carbon of the cyclic carbonate of 
arylglycerol was found to be derived from f3-aryl group of (3-0-4 
model compounds. These two compounds were further degraded by the 
culture of' C. versicolor to give the arylglycerol. 
In Section 1.3. the first identification of p-benzoquinone 
monoketals, 2-(4-ethoxy-3-methoxyphenyl)-3-hydroxymethyl-6,10-
dimethoxy-1,4-dioxaspiro[4,5]deca-6,9-diene-8-one and its isomer 
was described. Former compound was also produced from a (3-0-4 
model compound by lignin peroxidase of Phanerochaete chrysos-
porium (Kawai et al., 1987a). Other reactions (i)-(iv), except 
reduction, have been confirmed to be involved in the degradation 
pathways of lignin substructure model compounds by lignin per-
oxidase of P. chrysosporium (see Umezawa, 1988). These results 
suggested that most of the reactions for nonphenolic (3-0-4 model 
compounds were catalyzed by the lignin peroxidase of C. versi-
color, which was later isolated from the culture filtrate of C. 
versicolor by Dodson et al. (1987). To confirm the above sug-
gestion, the degradation of nonphenolic (3-0-4 lignin substructure 
model compounds by lignin peroxidase of C. versicolor was at-
tempted (Kawai et al., in press), and the following four types of 
the reactions were confirmed as expected: (i) Cn oxidation, (ii) 
(3-ether cleavage, (iii) Cn-ell cleavage, and (iv) aromatic ring 
cleavage. In addition, 1-(4-ethoxy-3-methoxyphenyl)-3-hydroxy-
propanone was first identified as the degradation product of (3-0-
4 model compound by lignin peroxidase and the formation pathway 
via an aryl cation radical intermediate was proposed (Chapter 2). 
The results in Chapter 1 and 2 indicated that lignin per-




In Chapter 3, the degradation mechanisms for lignin model 
compounds by laccase of C. versicolor were described. Laccase is 
commonly distributed in white-rot fungi and causes Bavendamm' s 
reaction. In spite of considerable efforts by many researchers, 
the intrinsic role of laccase in lignin biodegradation has not 
been elucidated clearly (see Kirk & Shimada, 1985). Kirk et al. 
(1968b) reported the degradation of a phenolic a-o-4 model com-
pound by laccase via alkyl-aryl cleavage and Ca oxidation. The 
degradation of phenolic a-I lignin substructure model compounds 
by laccase was first examined by,the present author (Section 3.1 
and 3.2, Kawai et al., 1987b; 1988a). The results indicated that 
laccase catalyzes not only alkyl-aryl cleavage and Ca oxidation 
but also Ca-Cn cleavage of propyl side chain of a-I model com-
pounds. Isotopic experiments with l80-labeled H20 and 02 indi-
cated that the quinone methide and radical intermediates formed 
by direct Cn-C/3 cleavage of propyl side chain by laccase react 
with water and molecular oxygen, respectively, and converted to 
the identified products. Possible mechanisms for alkyl-aryl 
cleavage and Ca oxidation were proposed. 
In Section 3.3, the degradation of phenolic a-O-4 model 
compounds by laccase was discussed (Kawai et al., 1989a). The 
substrate was degraded by alkyl-aryl cleavage and Ca oxidation as 
reported previously (Kirk et a1., 1968b). The r€sults further 
suggested that the a-carbonyl derivative further cleaved between 
en and Cn carbons to give a new phenol. 
The possibility of aromatic ring cleavage by laccase was 
described in Section 3.4 (Kawai et a1., 1988b). When 4,6-di-tert-
butyl-2-methoxyphenol was used as the substrate for laccase, a 
muconolactone, 2,4-di-tert-butyl-4-methoxycarbonylmethyl-2-buten-
4-olide, was first identified as aromatic ring cleavage product. 
Tracer experiments with 18 0 labeled H20 and 02 indicated that two 
atoms of molecular oxygen were concerned with the formation mech-
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anism of the muconolactone. 
Laccase is known to oxidize phenolic substrates via various 
reactions, but not nonphenolic substrates. Here, the oxidation of 
nonphenolic benzy 1 alcohols by laccase in the presence of' 
syringaldehyde was investigated (Kawai et al., 1989b). The 
results suggested that the phenoxy radical of syringaldehyde 
formed by laccase catalyzed the oxidation of' nonphenolic benzyl 
alcohols to give benzaldehydes. However, nonphenolic /3-1 model 
compounds could not be degraded in the present conditions. 
The oxidative reactions by lignin peroxidase and laccase of 
C. versicolor are summarized in the Table. The principle of the 
reaction by both enzymes is one-el~ctron oxidation of substrates. 
Autooxidative reactions subsequently proceed via aryl cation 
radicals and phenoxy radicals. Lignin peroxidase can oxidize both 
TABLE 
The Oxidative Reactions by Lignin Peroxidase and Laccase of C. 
versicolor 
Lignin peroxidase Laccase 
Enzymic One-electron oxidation One-electron oxidation 
reaction of phenolic and non- of phenolic compound 
phenolic compounds 
Nonenzymic Co-C/3 cleavage Co-C/3 cleavage 
reactions /3-Ether cleavage Alkyl-aryl cleavage 
Aromatic ring cleavage Aromatic ring cleavage 
Co oxidation Co oxidation 
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phenolic and nonphenolic compounds, but laccase can not oxidize 
nonphenolic compounds. The oxidation potential of lignin per-
oxidase is higher than that of laccase. 
Lignin peroxidase was recently isolated from Phlebia radiata 
(Niku-Paavola et al., 1988) and its activity was detected in the 
culture of Coriolus hirstlls (Yoshihara et a1., 1988) and 
Chrysosporillm pruinosum (Waldner et al., 1988). However, no 
lignin peroxidase activity could be detected in the ligninolytic 
culture of some white-rot fungi, Lentinllla edodes (Leatham, 
1986), Plell£"otus ostl'eatus, BJerkandera adllsta, Trametes 
cinglllata and Fomes lignosus (Waldner et a1., 1988). 
On the other hand, laccase is produced by most of white-rot 
fungi. Lignin contains 10-20% of phenolic hydroxyl groups which 
are attacked by both lignin peroxidase and laccase. The phenolic 
hydroxyl groups could be increased during side chain cleavage 
catalyzed by lignin peroxidase and laccase. It is therefore 
concluded that laccase is also an important lignin-degrading 
enzyme. Recently, Mn-dependent perox} dase was isolated from P. 
chr:vsosporium (Kuwahara et aI., 1984), L. edodes (Forrester et 
a1., 1988) and C. versicolor (Johansson & Nyman, 1989) and found 
to catalyze similar reactions via phenoxy radicals as by laccase 
(Wari ishi et a1., 1989). 
It is concluded that the degradation of lignin in wood by 
C. versicolor is initiated by both lignin peroxidase and laccase. 
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